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Abstract 
 
This PhD thesis deals with the synthesis, structural, morphological and electrochemical 
characterization of lithium manganese orthosilicate and iron fluorides, as well as their carbon-
based counterparts, to produce viable positive electrodes for Li and Na ion -based batteries.  
The central idea of this work was, on the one hand, the energy and time saving production 
of the mentioned electroactive materials in form of nanostructured composites, by means of 
room temperature and microwave-assisted non-aqueous sol-gel methods and, on the other hand, 
their electrochemical evaluation.  
Hexagonal tungsten bronze (HTB)-FeF3∙0.33H2O xerogel and HTB-FeF3∙0.33H2O/GO 
nanocomposite were firstly obtained by a room temperature fluorolytic sol-gel approach in 
MeOH, and their electrochemical properties evaluated. Operando Mössbauer spectroscopy and 
X-Ray diffraction were employed to investigate the reaction mechanism during reaction with 
lithium. The fluoride evidenced a complex behavior, with structural collapse of the HTB phase 
and gradual transformation into FeF2-rutile-like nanodomains, becoming the predominant 
component all along the reaction. XRD confirmed the amorphization of the electroactive 
material.  
Structural optimization of HTB-FeF3·0.33H2O was then achieved by a microwave-assisted 
fluorolytic sol-gel in benzyl alcohol. The procedure allowed the synthesis of phase pure 
nanoparticles of ~30 nm in diameter, along with the production of a reduced graphene oxide 
(RGO)-based nanocomposite and the reduction of reaction times. Deposition onto conductive 
RGO resulted beneficial for the electrochemical performance of the fluoride, which was able to 
sustain repeated cycling at different C-rates and recovered full capacity after more than 50 
cycles with respect to the unsupported HTB-FeF3·0.33H2O. 
Aiming at the production of active ions-holding materials to solve safety issues related to the 
use of metallic anodes, necessary with structures such as HTB-FeF3·0.33H2O, Na-containing 
hexafluoroferrate nanocomposites were produced using RGO and partially oxidized carbon 
black (ox-CB) as conductive carbons. Carbon type greatly affected the electrochemical 
performance, whose best improvement was obtained using RGO as support. This effect was 
attributed to the different dispersion of particles and the properties of carbons themselves.   
Dealing with the challenging production of non-calcined lithium transition-metal orthosilicates 
-based working cathodes, the microwave-assisted benzyl alcohol route allowed the production 
of both Li2MnSiO4 and Li2MnSiO4/RGO nanocrystalline structures. Interaction with RGO 
greatly improved the electrochemical behavior of the active material, which showed acceptable 
activity if compared with literature data of calcined counterparts obtained by similar methods. 
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Kurzfassung 
 
Gegenstand dieser Doktorarbeit ist sowohl die Synthese als auch die strukturelle, 
morphologische und elektrochemische Charakterisierung von Lithium-Mangan-Orthosilikaten 
und Eisenfluoriden sowie deren kohlenstoffbasierten Pendants für die Anwendung als positive 
Elektroden in Lithium- und Natriumionenbatterien.  
Der Schwerpunkt dieser Arbeit lag einerseits auf der energie- und zeitsparenden Produktion der 
genannten elektroaktiven Materialien - in Form von nanostrukturierten Verbindungen - bei 
Raumtemperatur oder durch nichtwässrige Sol-Gel-Methoden mithilfe von 
Mikrowellenunterstützung, und andererseits auf ihrer Bewertung aus elektrochemischer Sicht. 
Hexagonales Wolframbronze (HTB)–FeF3·0.33H2O Xerogel und eine HTB–
FeF3·0.33H2O/GO Nanoverbindung wurden zunächst durch einen fluorolytischen Sol-Gel 
Ansatz bei Raumtemperatur in MeOH erhalten und ihre elektrochemischen Eigenschaften 
bewertet. Operando  Mössbauer Spektroskopie und Röntgendiffraktometrie (XRD) wurden 
verwendet, um den Mechanismus während der Reaktion mit Lithium zu untersuchen. Das 
Fluorid zeigte ein komplexes Verhalten und den strukturellen Zerfall der HTB Phase sowie eine 
allmähliche Umwandlung in Fe-F2–Rutil–ähnliche Nanodomänen, welche sich als 
Hauptkomponente im Verlaufe der Reaktion ausbildeten. Die XRD-Analyse bestätigte die 
Amorphisierung des elektroaktiven Materials. 
Die strukturelle Optimierung von HTB-FeF3·0.33H2O wurde durch eine 
mikrowellenunterstützte, fluorolytische Sol-Gel-Reaktion in Benzylalkohol erreicht. Das 
Verfahren ermöglichte die Synthese von phasenreinen Nanopartikeln mit einem Durchmesser 
von rund 30 nm, zusammen mit der Herstellung eines auf reduziertem Graphenoxid (RGO) 
basierten Nanokomposits bei verminderter Reaktionszeit. Die Abscheidung auf leitfähigem 
RGO erwies sich als vorteilhaft für die elektrochemische Leistung des Fluorids, das 
wiederholten Zyklen zu unterschiedlichen C–Raten standhalten konnte und seine volle 
Kapazität nach mehr als 50 Zyklen aufrecht erhielt im Gegensatz zum reinen HTB-
FeF3·0.33H2O. 
Für die Herstellung von aktiven Ionenspeichermaterialien zur Verminderung der 
Sichereitsrisiken (im Vergleich zur Verwendung von Metallanoden) sind Strukturen wie HTB-
FeF3·0.33H2O notwendig. Hierzu wurden Na–enthaltende Hexafluoroferrat-Nanokomposite 
hergestellt und mit RGO und teilweise oxidierten Ruß (ox–CB) als leitfähigen Kohlenstoff 
versetzt. Die Art des Kohlenstoffzusatzes beeinflusste die elektrochemische Leistung stark, 
wobei mit RGO die größten Verbesserungen erzielt werden konnten. Dieser Effekt wurde auf 
die unterschiedliche Dispersion der Partikel und die Eigenschaften der Kohlenstoffmaterialien 
zurückgeführt. 
Im Rahmen der anspruchsvollen Produktion von nicht-kalzinierten Lithium-Übergangsmetall-
Orthosilikat-basierten Arbeitskathoden konnten durch die mikrowellenunterstützte 
„Benzylalkohol Route“ die beiden nanokristallinen Strukturen Li2MnSiO4 und  
Li2MnSiO4/RGO hergestellt werden. Die Interaktion mit RGO verbesserte die 
elektrochemischen Eigenschaften des aktiven Materials beträchtlich, welches eine akzeptable 
Aktivität zeigte, verglichen mit Literaturdaten von deren kalzinierten Pendants, die durch 
ähnliche Methoden erhalten wurden. 
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Motivation 
 
Electricity is today’s most exploited form of energy employed for human activities. It is 
estimated that 68% of electrical energy comes from fossil fuel (42% from coal, 21% from 
natural gas, 5% from oil), while nuclear and hydric sources are exploited for 15% and 14% 
respectively. The remaining 3% comes from renewable energy technologies 1. 
Fossil fuel burning has been considered so far the dominant method for electricity 
production. However, this approach generates tons of CO2, the primary greenhouse gas 
responsible for global warming. Considering that worldwide electricity demand is predicted to 
drastically increase in future years, due to developing countries increasing activities 1, and that 
fossil fuel is the most used source of energy, it can be easily postulated that this will lead to 
tremendous increase of CO2 release.  
Sun and wind are receiving considerable attention as next generation renewable energy 
sources, to reduce the dependence society has on coal and fossil fuel and modulate the impact 
of CO2 emissions on the planet. Sun and wind are the most abundant, readily available and 
sustainable sources of energy. For instance, the solar radiation which impact the heart in 1 h 
would cover around 1 year of worldwide energy demand. However, the periodic nature of these 
sources generates problems of constant energy availability, and the need of systems to 
compensate energy fluctuations, such as the energy storage ones 1,2.  
Electrical Energy Storage systems (EES) store electrical energy during low demand or 
low generation cost; this energy is released to the grid when high demand and/or no generation 
occur 3. Among EES systems, batteries are used for stationary storage of intermittent 
sustainable energy sources, as well as for portable devices and electric vehicles. For these non-
stationary applications, batteries have to fulfill specific requirements and overcome operating 
limitations such as dimensionality (e.g. size, volume and weight comparable to combustion 
engines and suitable for portable devices), energy density (at present, common long-distance 
trips allowed by standard engines are not possible with a fully charged battery and portable 
devices need long-lasting energy supply) as well as durability, safety and costs 2,4. For this 
purpose constant effort to improve these devices is needed.  
 6 
 
Li-ion technology is dominating the market of portable electronics and is under 
intensive investigation, as it promises highest energy density compared to other rechargeable 
technologies. Recently, Na-ion-based accumulators have been attracting attention due to the 
low cost, abundance and low environmental footprint of sodium compared to lithium. 
Moreover, Na intercalation chemistry is similar to that of Li, and the transposition of Li-ion 
technology’s knowledge to the sodium one is a concrete possibility to improve electrochemical 
devices 4–6.    
Among cell components, cathode materials are one of the limiting factors to the 
development of effective rechargeable systems 7, and material design is a key aspect in 
producing performant batteries 5. Recently, orthosilicates and fluorides gained attention as 
active materials for positive electrodes, due to the higher associated capacities, compared to 
previous compounds.  
In this thesis, Li2MnSiO4 and iron fluorides have been investigated as cathode materials, 
thanks to the mentioned increased energy storage associated to a more-than-one electron 
exchange, higher than commercial materials such as LiCoO2 
8. However, these materials are 
still under research, due to limitations such as poor ionic and electronic conductivity 
(fluorides)9, as well as scarce cycle life (Li2MnSiO4) 
4, and still need further improvements.  
In this background, this thesis aimed at: 
 the synthesis of the mentioned compounds by soft approaches such as the non-
aqueous sol-gel method assisted by microwave irradiation, avoiding any post-
synthesis annealing step; 
 the structural optimization of the mentioned materials, via the production of 
nanosized compounds and their deposition onto conductive carbonaceous 
supports for the enhancement of conduction properties; 
 the subsequent production of active ion-hosting compounds, to overcome issues 
related to the use of metallic anodes, and to be exploitable with the second 
generation accumulator technology.   
The results of this work will be presented in the next sections, which are structured as 
follows: 
Chapter 1 introduces general concepts of batteries and composite materials and briefly 
reviews the evolution of electrochemical devices. It presents as well the synthesis techniques 
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used to obtain the studied materials. Chapter 2 describes Li2MnSiO4 and iron fluorides-based 
compounds such as FeF3, FeF2 and Na3FeF6, pointing the attention on their physicochemical 
and electrochemical features and limitations. An overview of the state of the art is presented, to 
show the progress made on the subject by researchers. Chapter 3 is devoted to the discussion 
on the synthesis, characterization and electrochemical study of the HTB-FeF3·0.33H2O xerogel 
reference by conventional and operando measurements, in particular Mössbauer spectroscopy 
and X-Ray diffraction. Chapter 4 deals with the structural optimization of the electroactive iron 
trifluoride, which was achieved in two steps: initially throught nanosizing by means of 
microwave-assisted fluorolytic sol-gel in benzyl alcohol, and subsequent deposition onto 
conductive carbons for buffering the insulating character and for the enhancement of 
conduction properties; then with the production of active ion-containing Na3FeF6 
nanocomposites supported onto two different conductive carbon sources: reduced graphene 
oxide and partially oxidized carbon black super C. In Chapter 5, the description of synthesis 
approaches, characterizations and electrochemical behavior of Li2MnSiO4/RGO are presented. 
The main drawback was to obtain a working nanocomposite avoiding conventional post-
synthesis annealing. Finally, Chapter 6 will summarize the results obtained during this work.   
Details on experimental procedures as well as methods and materials used will be 
described in the last part of the manuscript (experimental part). Further images relative to the 
chapters will be presented in the appendix section. 
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Chapter 1 
Introduction 
 
 
 
1.1. Li-Ion batteries and their features. 
A battery is a device able to convert 
chemical energy in electric energy exploiting a 
redox reaction. A battery is made of several 
electrochemical cells connected in series and/or 
parallel to provide the required voltage and 
capacity. Each cell is basically constituted by the 
electrolyte, a separator, an anode and a cathode 
1–3. These last two are defined, during discharge, 
as the negative and positive electrodes 
respectively 4.  
While all the cells are able to exploit chemical energy delivering electricity (discharge), 
the ability to transform the applied electrical energy into chemical one (charge) is only typical 
of some. Among them, the Li-ion-based cells are the most developed. Li-ion-based cells can be 
distinguished into two groups:  
- The primary Li-cells, which are disposable devices and are not designed for being 
recharged due to safety issues. The anode is made of metallic Li as for Li/MnO2, and 
for these systems a recharging process is frequently associated with an elevated risks 
of dendritic growth during lithium deposition on the anode. Dendritic growth is the 
cause of short circuits 1,5,6, lithium passivation and pulverization of the anode, with 
associated increased reactivity toward organic compounds and reduced safety of the 
device 7.  
- The secondary Li-cells, which are rechargeable devices such as C/LiCoO2, where 
lithium can intercalate into the carbonaceous anode when a reverse current is applied 
Fig. 1.1: schematic view of a second generation 
electrochemical cell during discharge. 
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1,5,8. The term accumulator is often used for the secondary batteries. The latter are 
also classified as first or second generation accumulators on the basis of the materials 
chosen for the cell. 
In a second generation cell the anode is made of a Li-ion storing material (such as 
graphite) deposited on a copper current collector, while the cathode is composed of a different 
active material (e.g. LiCoO2) deposited on aluminum (fig. 1.1). There is a difference in redox 
potential between the two. The electrolyte is generally (but not only) a Li-containing mixture 
of dissociated salts in organic solvents (e.g. LiPF6) which ensures the ion transfer between the 
two electrodes. A porous and electrically insulated separator is generally placed in between the 
two electrodes, to maximally reduce the danger of short-circuits. During discharge, the Li-ions 
intercalated among the graphitic layers flow through the electrolyte towards the active material, 
where they accommodate in structural channels or separated layers. During this process, 
electrons move from the negative to the positive electrode along an 
external circuit, providing electricity.  
There are several key requirements a material should fulfill to 
be used as a component in an electrochemical cell. The balance 
among all of them makes a cell exploitable, effective and affordable. 
For the cathode (the subject of this thesis), the material should present 
the following properties 3,4,9: 
- Redox properties. A reducible and oxidizable element has to be present. The higher 
the number of oxidation states of the redox couple is, the larger the amount of 
exchanged electrons. For instance, in FeF3, the oxidation state of Fe can vary between 
3 and 0, allowing the delivery of up 3 electrons per formula unit.  
- Reversibility. Li+ intercalation and extraction should be reversible. For some 
electroactive materials, reversibility is easily lost after the first discharge or after 
prolonged cycling, leading to poor material performance.  
- Hosting structure. The hosting material needs a layered (fig. 1.2), tunnel or open 
structure with a large number of intercalating sites. 
- Chemical and structural stability. The material should sustain the stress of an 
electrochemical process during cycling with minimal or no structural changes. An 
electrode should be able to resist structural collapse or exfoliation, be thermally stable 
Fig. 1.2: layered structure of 
LiCoO2. 
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and chemically inert toward the electrolyte 4,10 or other components of the cell during 
the galvanostatic process. 
- High working potential. High working potential of the cathode with respect to that of 
the anode generates a high cell potential and a large working window, leading to 
longer lasting equipments. 
- Good ionic and electronic conductivity. The electrochemical insertion/extraction 
process involves the transfer of charge and ions, therefore a material supporting mixed 
conduction is needed for reduced polarization and fast charge/discharge rates. 
- High cycle life, energy and power density. This is related to the ability of cycling a 
high amount of e- at high rate per unit mass and depends, among other, on the nature 
of the redox element, as well as on the ionic and electronic conduction properties of 
the material.   
- Low cost, safe and environmentally friendly materials and processes. Explosion risks6 
and environmental impact of the devices should be minimized, as well as its costs, in 
order to speed up the usage of this technology. 
 
The initial use of metallic lithium as counter electrode was due to its reduction standard 
potential. This element has the lowest standard potential value (Li+ + e- → Li0; -3.05 V) 4, that 
guarantees a large cell potential when coupled to a cathode. However, its low abundancy 
generates problems in terms of availability and costs 11. 
Because of these problems, sodium-based cells have attracted attention recently. Na 
follows Li in the first metallic group of the periodic table. The values of their ionic radii (0.76 
Å for Li and 1.06 Å for Na 12) make Na a good compromise for substituting Li as intercalating 
cation. The standard potential of Na (Na+ + e- → Na0; -2.7 V) 4 is close enough to that of lithium 
to ensure a large potential working window when coupled to a cathode. Additionally, Na is 
highly abundant in the Earth crust, thus reducing financial costs associated to its use 11,13. 
Figure 1.3 summarizes some of the characteristics of these two elements. 
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Fig. 1.3: Comparison of some Sodium and Lithium characteristics 14. 
It should be noted that an electrochemical cell is the combination of several components, 
each requiring its own dedicated research work and specialized research areas. Moreover, the 
assembly of the whole system toward an effective device is also challenging.  
 
1.2. Brief history and evolution of batteries. 
The evolution of electrochemistry and electrochemical devices was a long process, which 
involved the contributions of many scientists over the years. Each contribution helped, step by 
step, to build the knowledge we have now.  
In this section only the main discoveries will be briefly described. It is important to 
remember nevertheless that also the contributions of several uncited scientists were essential 
for the development of electrochemistry and electrochemical devices. 
After the description of the very first electrochemical devices, this paragraph will present 
the development of primary batteries, then the description of secondary batteries will follow.  
Primary batteries. 
The first device considered able to convert chemical energy into 
electrical one appeared in 1800, when the Italian Alessandro Volta 
assembled a pile (literally a column). It was made up by several 
coupled disks of copper and zinc, separated by a felt soaked with 
acidulated water. These disks were placed one on top of the other to 
form a column. The extremities were connected to an electrical 
Fig.1.4: image of the pile of 
A. Volta 
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conductor in order to close the circuit and permit the flow of electrons (fig. 1.4) 15–17.  
This discovery galvanized the scientific community during a period of increasingly rising 
interest in electricity and electrical phenomena.  
Further studies and ameliorations on the subject led, in 1836, John Frederic Daniell to 
build the so-called Daniell cell. A popular way to describe this device is that of two electrodes 
of zinc and copper positioned into two separated pots, respectively filled with a solution of zinc 
and copper sulfate; a salt bridge connects the two vessels assuring the ion exchange. This was 
the first device delivering a constant and continuous current 18,19. 
In 1867, Georges Leclanché presented what is 
considered the ancestor of our modern batteries: the zinc-
carbon cell (fig. 1.5). This cell was constituted by a zinc-
amalgam anode and a cathode made of a carbon rod in 
contact with a powder mixture of carbon and manganese 
dioxide, contained in a porous pot. Both the anode and 
the cathode container were immersed in a glass jar filled 
with a solution of ammonium chloride as electrolyte 5,20.  
In the year 1886, German scientist Carl Gassner improved the Leclanché cell replacing 
the cathode material with a mixture of MnO2, FeO(OH) and carbon, whereas a hollowed zinc 
cylindrical container was chosen as anode. The liquid electrolyte of the Leclanché cell was 
replaced by a paste of ammonium and zinc chloride, producing the first dry cell 5. Over the 
years this device has been refined and enhanced. In 1959 the replacement of the electrolyte with 
potassium hydroxide generated the first alkaline battery 21. 
Almost 100 years later (1970), the discovery of intercalating materials 1,3,22 led to the 
development of the first lithium-based batteries where metallic lithium constitutes the negative 
electrode. Unlike previous devices, these systems are characterized by higher energy density 
and they can operate over a wide temperature range. The Li/MnO2 system was one of the first 
commercialized. The intercalating properties of MnO2 permit the generation of current by 
exploiting the following reaction: MnO2 + Li+ + e- → LiMnO2 4. Metallic lithium is a strong 
reducing agent, having a standard potential of -3V against the 0.76V, typical of the couple 
Zn2+/Zn0. The couple Li/MnO2 brought the voltage from 1.5V of previous cells to 3-4V. Due 
Fig. 1.5: schematic view of the original 
Leclanché wet cell.  
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to the high reactivity of lithium towards water, the replacement of the aqueous electrolyte with 
a polar organic one became necessary 9. 
Secondary batteries. 
The first secondary cell or first generation accumulator appeared in 
1859: it was the lead-acid cell developed by the French Gaston Planté (fig. 
1.6) 23. His invention was constituted by a lead anode and a lead dioxide 
cathode, immersed in sulphuric acid. Both the anode and the cathode 
reacted with the acid to produce lead sulfate, following the chemical 
equations:   
(anode) Pb + H2SO4 → PbSO4 + 2H+ + 2 e- 
(cathode) PbO2 + H2SO4 + 2H+ + 2 e- → PbSO4 + 2H2O 
The electrons produced at the anode were consumed at the cathode, generating electrons flow 
through the external circuit, whereas the application of current on the system reversed the redox 
process 9.  
 In 1970, the first intercalating materials 3,22 started to be studied as components for 
rechargeable cells. Among them, layered TiS2 gained attention. For this material, the insertion 
reaction of lithium into the lattice forms LixTiS2 with 0 ≤ x ≤ 1. Due to the presence of metallic 
lithium as counter electrode, the major drawback of this cell was Li dendritic growth onto anode 
surface during cycling, with associated short-circuits and cell explosions. Improvements in 
safety occurred after substitution of metallic Li with Li-metal alloys anodes 9.  
The interest in layered oxides increased and, in the 1980s, the LixMO2 (M = Co, Ni, Mn) 
family gained attention 1,24.  
A revolution in the technology of secondary cells occurred in the 1980s-90s, with the 
introduction of carbonaceous insertion anodes. It was the early stage of the second generation 
accumulators. In these devices, the layered anode (i.e. graphite) is empty, while lithium is 
already present in the cathode material, which acts as a reservoir. The cell is built in a discharged 
form and needs to be charged before usage. During charge, Li-ions transfer from the cathode to 
the electrolyte and diffuse into the anode. This set-up marked the beginning of the Li-ion 
technology 9. 
Fig. 1.6: representation 
of the lead-acid cell. 
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Together with Li, Na-ion batteries started to be investigated in the same years, thanks to 
its high abundance and low cost. However, higher potential and lower mass associated to the 
use of Li-ion, as well as new issues related to the negative electrode, shifted the interest of 
researchers mainly on Li-based batteries 11–14,25, until Na rediscovery in recent years.   
Research on Li-ion technology dominated the 1980-1990 decade, and in 1991 Sony 
commercialized the first battery made of C/LiCoO2 8,9. This composite is characterized by a 
theoretical capacity of 140 mAh g-1. The main drawback associated with this cell is the 
impossibility of full Li extraction. Due to the stabilizing structural effect Li has on the structure, 
the extraction of more than 0,5Li results in irreversible structural collapse, and full Li content 
exploitation becomes impossible 9.  
At the end of 1990s, a new family of polyoxyanions became attractive candidates as 
cathode materials. Among them, the olivine structured LiFePO4 and orthosilicates such as 
Li2FeSiO4 gained attention 26,27. Recently, a carbon composite of LiFePO4 was commercialized 
28, thanks to reduced costs and toxicity, and good cycling performances. Unlike LiCoO2, this 
material is able to deliver a theoretical capacity of around 170 mAh g-1 26,27. Later on, raising 
attention interested the orthosilicates family Li2MSiO4 (M = Fe, Mn, Co, Ni), thanks to the high 
theoretical capacity (~ 330 mAh g-1) and the possibility of a 2e- exchange per formula unit 26,27. 
More recently, the new class of conversion materials has been considered, with an 
increasing number of reports on FeF3. The reason of this interest lies in the possible release of 
3 e- per formula unit, leading to a theoretical capacity of  712 mAh g-1 29. 
Since some compounds of these two last families (orthosilicates and fluorides) are the 
subject of this thesis, they will be discussed in more detail in a dedicated section.  
For the remainder of this manuscript, the terms battery or electrochemical cell will be 
used (unless if differently specified) to denote second generation accumulators and lithium-ion 
technology. 
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1.3. Nanotechnology and nanomaterials: properties, nanostructuration and 
application on the battery field. 
The first talk centered on nanotechnology is considered the one given by the physicist 
Richard Feymans in 1959 entitled “There is plenty of room at the bottom”. This talk presented 
for the first time the idea of manipulating matter at the atomic scale 30.  
Nanotechnology has become an ordinary concept in recent times and the science 
community is having different ways to define it 31. Conventionally, nanotechnology is identified 
as the study and control of material and phenomena at length scale below 100 nm, offering 
unique and size-dependent physicochemical properties 32,33. This new area of science 
encompasses a broad range of disciplines: from physic, material science and engineering, to 
chemistry, biology and medicine 31. The real challenge of nanotechnology is currently to study, 
understand, develop and control the interactions between individual components in a system 
and the way they interact together to originate the functions and performances of the final 
system itself 34. The optimization and design of the interfaces of components is a requirement 
for the development of new effective devices, and a multidisciplinary knowledge and 
collaboration is essential for this purpose 34,35. 
Nanomaterials are the protagonists of this new science field. Their features, including 
high surface to volume ratio, reduced and tailored dimensions and morphologies, render new 
and unpredictable physicochemical properties, surprisingly different from their bulk 
counterpart. The quantum size effect, which occurs reducing the size and creating discrete 
energy levels where electrons are confined, makes this new behavior possible 32,36.  
Electrode materials exhibit conventional problematic aspects, which are normally the 
amount of stored energy and lithium and the contact between the components, such as active 
material-electrolyte or active material-collector. The ionic/electronic conductivity of the 
material and the path-length of the hosted ion from the electrode to the electrolyte and vice-
versa are additional elements which need attention. In the area of batteries nanostructuration of 
components improves the efficiency of the whole device. Smaller particles guarantee a high-
surface contact with both collector and electrolyte, enhancing the exchanges of hosted ions and 
electrons and the process rate. The larger the surface exposed to redox reactions, the bigger the 
amount of active material that takes part into the process 35. For instance, in a bulk material 
where only the external area can be penetrated by lithium ions, nanosizing leads to a greater 
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exposed surface which results in an almost complete exploitation of the material. Since 
nanomaterials present often different properties compared to their bulk analogues, a reduction 
in size is generally able to increase the electrochemical performances. Shortening the path-
length of Li-ions and electrons through the active particles is another advantage that can be 
achieved with the exploitation of nanostructures. The diffusion of Li-ions is a complex process, 
and the ion transfer can be prevented or hindered due, for example, to structural defects. The 
reduction of the particles size and the tortuosity of the path-length allows the ion to reach faster 
the interface with the electrolyte, resulting beneficial for the performances of the process 35.  
So far most research has been focused on preparing well defined nanostructures 37. The 
next challenge is the miniaturization of the storing devices. Rather than incorporating 
nanocomponents in a macroscopic cell (as the current cells), the ultimate goal is the 
miniaturization of the device itself, i.e., realizing a nano-battery, and thus improving the 
intimate contact at the nanoscale of all the components. The recent work of Liu et al.38 could 
be exemplar: this research group has realized an all-in-one nanopore array battery where, a 
single nanotube integrates all the components of an electrochemical storage device (fig. 1.7). 
In this system, V2O5 serves as cathode while the same prelithiated material is used as anode. 
The pore is filled with the electrolyte creating a region of separation between the nano-
electrodes.  
 
Fig. 1.7: the nanopore battery of Liu et al.38. 
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1.4. Use of conductive and carbonaceous additives: properties and 
advantages. 
Surface coating of active materials is considered a key step in the production of viable 
electrodes. Coating can have two main objectives: surface protection and/or enhancement of 
electrical conduction. Electrode materials can be involved in side reactions with the electrolyte 
at low or high potential, leading to decomposition and a negative effect on cell life. Protective 
coating can be done via various methods (vapor deposition techniques, electroplating, delayed 
oxidation etc.) and oxides, fluorides, phosphates or glasses are the most common materials used 
39,40. For example, it has been demonstrated that TiO2 strongly benefited from a SiO2 coating, 
provides protection against particle aggregation and morphological variations under thermal 
treatments 41. 
A special role is attributed to carbon, either 
as a coating or as a matrix for deposited or 
embedded nanoparticles, since it can have both a 
protective role and enhancer of electrical 
conductivity (fig. 1.8). The formation of a carbon 
nanofilm around the active particles, not only 
improves the electrical conductivity and the 
reciprocal contact between particles, but also 
permits a good percolation of the electrolyte, and 
strengthens the contact to the current collector. 
Moreover, carbon coating increases the chemical 
stability towards side reactions (such as hydrolysis 
of the electrolyte or degradation processes related 
to the working conditions), help retention of 
particle shapes, reduce particle agglomeration, and are able to buffer volume changes of the 
cathode material during the insertion/extraction reactions. Carbon is also a low cost, Earth 
abundant element, therefore its exploitation helps in limiting financial costs related to the 
development of electrochemical devices 39. 
For these reasons, coupling electroactive materials with several carbon-based 
compounds, such as graphite, carbon black (CB), acetylene black (AB), carbon nanofibers 
(CNFs), carbon nanotubes (CNTs), graphene oxide or reduced graphene oxide (GO or RGO) 
Fig. 1.8: schematic illustration of the role of carbon 
additives 39. 
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has been largely investigated by scientists 39,42. The easiest way to make active materials 
interacting with carbon is by physical mixture of the two components during electrode 
preparation (for example, by grinding together powdered carbon black and active material 
particles). Carbon-based composites in which carbon and electroactive material are more 
strongly coupled (e.g. through chemical interactions) can be obtained via pre-prepared particles 
deposition onto carbon surfaces, or by nucleation and growth of particles in presence of a carbon 
substrate or carbon precursor (e.g. citric acid, sucrose, etc.). In the latter case, particles 
surrounded by an organic surface coating may be generated and a carbon outer shell or nanofilm 
can be produced after annealing 39,40, with consequent surface passivation and intimate 
interaction carbon-particles.  
 
1.5. The sol-gel approach to inorganic materials. 
The most used technique for the production of oxides, carbides, nitrides, sulfides or bulk 
materials is the solid state method. A solid state reaction involves the combination of powdered 
precursors at high temperatures (often above 600 °C). This process enables the production of 
highly crystalline compounds but it is usually an uncontrolled method which leads to the 
formation of micrometric particles or aggregates 43. 
In order to generate nanoparticles or nanostructures with defined and tailored 
morphologies and sizes, a better control of the whole synthetic process is needed. From the 
beginning of the 1980s to the present days, the sol-gel method undergone a tremendous 
development. This new approach applied to inorganic reactions allows the production of 
materials for which a better control over morphology and improved purity and homogeneity is 
possible 43. Other advantages with respect to solid state approaches include low process 
temperature and the possibility of easy shape processing of materials 44. 
A sol-gel process leads to a sol or a gel. For inorganic compounds, a sol refers to a stable 
colloidal suspension of solid particles in a solvent, in which particle diameters range between 
1nm and 1µm. A gel is a rigid continuous network expanded in a liquid phase, which originates 
from covalent or physical interaction among particles 45,46.  
Generally speaking, three major classes can be distinguished: the hydrolytic, non-aqueous 
and fluorolytic sol-gel; the latter being recognized as analogous to the hydrolytic one, where 
HF is used instead of water 47. 
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Two essential steps are defined in the hydrolytic sol gel method: hydrolysis of the 
precursor and condensation reactions.  Metal alkoxides or inorganic metal salts such as nitrates, 
chlorides or sulfates can be used as precursors 43. Figure 1.9 summarizes the reactions taking 
part on the process when a metal alkoxide is employed. The hydrolysis step consists on the 
coordination of a metal center Mn+ with water molecules, leading to the formation of M-OH 
species 48 (eq. 1). Hydroxylated species can condensate together or with alkoxides, generating 
M-O-M bonds with associated release of water (oxolation, eq. 2) or alcohol (alkoxolation, eq. 
3) respectively. The process is, however, rather complex due to the simultaneous presence of 
both the hydrolysis and condensation reactions, and strictly dependent on several parameters 
including: hydrolysis and condensation reaction rates, which affect nature (colloids, particles 
or gel formation), size and morphology of the material 44, pH, concentration and reactivity of 
precursors, amount of added water, temperature. In addition, the resulting compound is often 
amorphous and subsequent annealing treatments may affect the desired properties 43,49. 
 
Fig. 1.9: Hydrolysis and condensation reaction of an alkoxide 43. 
Since the non-aqueous and fluorolytic sol-gel methods have been widely used during the 
research work of this thesis, they are detailed in a dedicated section.  
 
1.5.1. Non-aqueous sol-gel method and the Benzyl alcohol route. 
A non-aqueous sol-gel is performed without intentional addition of water, although it can 
be formed in situ during the process itself. The formation of the M-O-M bond takes place 
without the hydrolysis step and the oxygen is provided by compounds such as metal alkoxides, 
alcohols or ethers, requiring the cleavage of a carbon-oxygen bond 43,44.   
Metal oxides production involves two main pathways. In the first, the oxide formation is 
driven by a direct condensation step of metal precursors, and involves the elimination of organic 
molecules 44 as depicted in fig. 1.10: 
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Fig. 1.10: NHSG condensation steps leading to M-O-M bonds 44. (Eq. 4) alkyl halide elimination, (eq. 5) ether 
elimination, (eq. 6) ester elimination. X corresponds to halogens, R and R’ to alkyl groups. 
In the second mechanism, the oxide network is generated by the reaction between a 
precursor and an organic solvent. Metal halides, carboxylates, diketonates or alkoxides are able 
to react with solvents such as alcohols, amines, ketones, aldehydes, ethers or carboxylic acids. 
The reaction may lead to: (a) a ligand exchange between precursor and solvent, followed by a 
condensation reaction reported in fig. 1.10; (b) the solvolysis of the precursor that generates a 
hydroxyl group (reported as the non-hydrolytic hydroxylation reaction such as that operated by 
certain alcohols on halides 50), which can further react with another metal center or condensate; 
(c) more complex mechanisms involving several species 44. 
Advantages of the non-aqueous approach to the synthesis of metal oxides include a better 
control of the composition and homogeneity of resulting compounds compared to hydrolytic 
solution routes, for which metal oxide precursors present a marked reactivity towards water. In 
contrast, the comparable reactivity of different precursors in non-aqueous conditions allows the 
production of multi-metal oxides in pure phases. A marked crystallinity of the final products 
reduces the necessity of thermal post-treatments and the associated difficulty to retain, for 
example, morphological features. The different nature of precursors and solvents may affects 
morphological parameters of the material, therefore variations of the starting reaction mixture 
is a possible way to tailor size, morphologies and properties of the oxides 43,44,51.  
Surfactant-assisted synthesis have been the first common method for the control of 
nanoparticles growth in non-aqueous media.  This approach leads to narrow size distributions, 
good crystallite shape and size control, low agglomeration tendency and good post-synthesis 
redispersibility in other media. However, this process requires large amount of surfactants, 
implying large production of waste solutions. In addition, particles surface is often inaccessible 
due to the presence of adsorbed or bonded organic residues. To overcome these problems new 
and simpler approaches have been proposed and, among them, the exploitation of coordinating 
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solvents gained attention. In such approaches, the solvent behaves as a ligand in order to control 
nanoparticles growth without the use of additional templates or capping agents 43,49,51.  
Benzyl alcohol is a widely used coordinating solvent acting as a reactant, ligand, oxygen 
donor and solvent, the use of which leads to crystalline and reproducible oxide nanoparticles in 
a simple reaction system. The production of hybrid organic-inorganic nanocomposites as well 
as doping of oxide nanostructures is also possible 49,51. This method is known in literature as 
the Benzyl alcohol route. The reaction mechanism leading to the desired product can be rather 
complex and several byproducts, arising from the reaction between solvent and organic species, 
are usually found in the final reaction mixture. Moreover, the precursor-solvent ratio affects 
crystallites size and morphologies 43,49,51.   
Benzyl alcohol can be widely employed with alkoxides for the production of a large 
variety of metal oxides 51 such as W18O49 or V2O3 starting from W(OiPr)6 and VO(OiPr)3 
respectively. The use with metal halides forms, for example, TiO2 or WO3∙H2O from the 
reaction with TiCl4 or WCl6. It can be employed with acetylacetonates such as [Zn(acac)2] ∙ x 
H2O to form ZnO or reacted with acetates such as Zn(OAc)2 and Co(OAc)2 for the doping of 
ZnO with cobalt. Multi-metal oxides can be obtained starting from mixed precursors such as 
the acetylacetonate Mn(acac)3 and the halide NbCl5, to generate MnNb2O6 particles 51. These 
examples highlight the versatility of this solvent for the production of crystallites.  
 
1.5.2. The fluorolytic sol-gel method to produce metal fluorides. 
Metal fluorides are crystalline compounds, among them calcium fluoride is the most 
abundant 52. The growing interest on inorganic fluorides lies on the fact that, for certain 
applications, they show superior properties when compared to metal oxides. One of the classic 
examples reported in literature is that of magnesium and aluminum fluoride: these two 
compounds have a lower refractive index and a larger spectral window of transparency 
compared to silica, making their application interesting in the optical field 53,54.  
Metal fluorides can be produced via the post-synthesis fluorination of the respective metal 
oxides obtained by sol-gel approaches. This route presents the disadvantage of a poor 
fluorination degree of the core of the oxide and the reduction of the surface area 53. 
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The fluorolytic sol-gel has been recently developed as an alternative low-temperature 
approach to metal fluorides. It involves the formation of M-F bonds, resulting from the reaction 
between a metal precursor and HF. For the process, inorganic metal salts or metal alkoxides 
can be employed as precursors and dissolved in anhydrous organic solvents 52,53,55. Equation 7 
graphically represents the reaction of HF and a metal alkoxide: 
M(OR)n + x HF → M(OR)n-xFx + x ROH   (M = metal ion; R = organic group) (eq. 7) 
The first step involves the protonation of the oxygen on the M-O-R bridge and subsequent 
attack of the fluoride on the metal center, followed by the release of the corresponding alcohol.  
In contrast with the classic hydrolytic sol-gel, condensation reactions are absent and the 
formation of a network depends on the replacement of the alkoxy groups by the fluoride ion. 
The formation of M-F-M bonds is mostly governed by the lewis acidic character of the metal 
center, and the competition between strongly bonded -O-R moieties and a replacing fluorine. 
This competition produces often a partially fluorinated product, as the one in equation 7. The 
reduced presence of terminal F atoms on the surface of the formed particles arises from the 
strong bridging character of F- with metal centers 53,55. 
Due to the intrinsic characteristic of the process, the fluorolytic sol-gel does not lead 
directly to a pure metal fluoride. A hydroxyfluoride or fluoro-organic product can be obtained, 
presenting a certain amount of oxygen or residual alkoxy groups inside the structure of the 
material, due to the composition of the starting reaction mixture or the incomplete 
fluorination53. A thermal post-treatment under inert or fluorinating atmosphere may be required 
to enhance the fluorination degree or tailor the composition of the compound, as depicted in 
figure 1.11 56: 
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Fig. 1.11: possible stoechiometries and phases obtained after thermal treatment of an aluminum alkoxide fluoride 
synthesized by sol-gel reaction 56. 
 
1.5.3. Features and advantages of microwave irradiation in solution 
chemistry. 
After the casual discovery of microwave heating effects in 1945, the use of microwave 
ovens has become the more and more popular both in domestic and scientific field 57. In 
inorganic chemistry this technology was firstly used since the late 1970s, for moisture analysis 
or wet ashing procedures 58. The first use reported for organic chemistry dates 1986, when six 
classical reactions were successfully performed in a domestic oven, leading to an evident and 
dramatic increase of reaction rates from hours to minutes 58. Starting from that moment, the use 
of microwave as heating device has grown regularly, developing new routes for solid-state 59 
and solution chemistries, as well as for organic reactions 57 and inorganic materials 60,61. 
The reasons of such an interest lie on the positive effects this modern heating source has 
on chemical processes. On the one hand, microwave irradiation results beneficial in reducing 
reaction times and undesired byproduct; at the same time it can increase yield and 
reproducibility of reactions 61. On the other hand, the possibility to perform dry reactions 
(avoiding the use of solvents) 59,62,63 lead to greener processes, with environmental and 
economic benefits compared to conventional heating technologies 53,59–61.  In this paragraph, 
only the aspects related to solution chemistry of inorganic nanomaterials will be described. 
The previously cited advantages provided by a microwave reactor reside on the 
interaction that takes place between microwaves and molecules of the reaction mixture. In a 
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conventional convective heating procedure, heat is slowly transferred from the heating source 
to the core of the reaction mixture. As such, temperature decreases from the walls of the vessel 
to the core of the reaction mixture, resulting in inhomogeneous heating of the latter 53,60,61.  
In contrast, microwave irradiation is able to intimate warm up the reaction mixture, thanks 
to the direct interaction with the target molecule (energy transfer instead of heat transfer). The 
dipolar polarization heating is described as the interaction between the alternating electric field 
of the microwave and the dipole of the target molecule, which tends to align with the field. As 
the electric field oscillates, the molecular dipoles try to align with it, and thermal energy is 
generated by molecular friction and dielectric loss. A second mechanism called ionic 
conduction heating is characterized by the interaction between microwaves and ions present in 
the reaction mixture, and the temperature increment is generated by the energy released from 
collision of ions kept in motion by the electric field 60,61.  
The temperature increase in a sample subjected to microwave irradiation depends on the 
interaction between its components and the electric field. Not all the compounds are susceptible 
to irradiation: some are transparent or present a poor interaction with the radiation, resulting in 
a scarce heating 59–61. The ability to be polarized by the electric field and the efficiency in 
converting the electromagnetic radiation into heat is defined by two parameters, namely the 
dielectric constant ε’ and the dielectric loss ε’’ respectively. The ratio between the two defines 
the loss tangent tanδ= ε’’/ ε’, a parameter (loss factor) that indicates the ability of a material to 
transform the electromagnetic energy into heat and becomes a way to identify suitable reaction 
mediums to be employed. Generally, high absorbing solvents are required for efficient and rapid 
heating 61.  
So far, the most used configuration for the lab-scale synthesis of nanomaterials in 
microwave assisted heating has been the single-mode microwave reactor 64 in combination with 
sealed vessels. This routine technique allows simple one-pot reactions where all the reactants 
are simultaneously present in the reaction mixture during heating. Reflux, pressurized or 
continuous flow systems are possible exploitable configurations. In a conventional procedure 
for the pressurized system, the vessel is filled with the reaction mixture and sealed, then placed 
in the reactor and treated under the desired conditions while the system remains hermetically 
closed. Experimental parameters such as temperature, pressure and power are continuously 
recorded. A final quenching operated by compressed air brings the sample to room temperature 
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in few minutes. This configuration is perfect for single-step, all-in-one reactions, however, it 
does not permit further modifications of the reaction medium during the process 57. 
The microwave technology has been used so far for the synthesis of a broad range of 
materials such as core shell particles 65,66, metal nanoparticles 67,68, oxides 69,70, phosphates 71,72, 
fluorides 73,74, nanoporous materials 75, chalcogenides 76,77, doping of particles 78,79 as well as 
for a wide variety of organic or dry reactions and solid state syntheses 57,59,80,81.  
Recently, the group of Niederberger 82,83 studied the drastic improvement in the formation 
rate of some oxide nanocrystals under microwave irradiation. Several oxides were grown by a 
microwave-assisted benzyl alcohol route using metal acetates and acetylacetonates as 
precursors and irradiated between 120-200°C for few seconds to several minutes. For the ZnO 
nanoparticles, they reported a remarkable increase of the nanocrystals development rate 
mediated by the microwave irradiation, compared to the conventional heating. Specifically, the 
microwave heating had a strong impact on the fast heating of the mixture and the dissolution 
rate of the Zn(ac)2 precursor. The microwave irradiation speeded up the esterification reaction 
rate between benzyl alcohol and precursor (considered the bottleneck of the whole process) 
leading to a faster formation of the hydroxylated species, responsible of the nucleation of the 
ZnO clusters.  
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Chapter 2 
Studied materials and state of the art 
 
 
 
2.1. Lithium-transition metal silicates. 
Recently, the need of new electrode materials for large-scale use in hybrid or full electric 
vehicles as well as in stationary energy storage for solar or wind installations raised the interest 
on the new class of polyoxianion materials 1. Polyoxianion compounds, such as the popular 
LiFePO4 
2
, follow the general formula LiyM
+2XO4 and are considered the alternative to 
conventional oxides like LiCoO2 or LiMn2O4, due to higher stability and security 
1,3. These 
materials contain different XO4
n- (X = P, Ge, Si) groups, where the oxygen bonds both the X 
atom and the transition metal M in the form M-O-X. The electronegativity of the X atom affects 
the iono-covalent character of the M-O bond by inductive effect, therefore, tailoring of redox 
potentials and on-demand design of specific cathode materials becomes possible by varying the 
nature of the X atom 4.  
Orthosilicates belong to the polyoxianion family, and present the general formula 
Li2MSiO4. They are considered as new and cheap cathode materials obtainable from abundant 
and low cost elements such as iron and silica 3.  
The first study on Li2FeSiO4 for battery applications was reported by the group of Nyten
5. 
This work was followed by an increasing number of publications on Li2MSiO4, for which 
several transition metal elements such as Mn, Mg, Ni or Co have been tested 6,7.  
 
2.1.1. Physicochemical features of Li2MnSiO4. 
As stated before, abundance and low cost of raw materials make orthosilicates appealing 
compounds for the new generation of cathodes. Although, the main reason of interest on 
Li2MSiO4 lies on the possible extraction/insertion of 2 electrons and 2 Li-ions per formula unit, 
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leading to a theoretical capacity of around 330 mAh g-1. This value is remarkably high if 
compared to LiFePO4, which is able to reversibly exchange only 1 electron per formula unit 
(theoretical capacity of 170 mAh g-1) 8,9. Similarly, in Li2FeSiO4 the oxidation from Fe
+2 to Fe+3 
leads to 1 exchanged electron, which correspond to a capacity of 165 mAh g-1. The second 
electron and lithium extraction is difficult, since Fe+4 oxidation state is unusual and mostly 
inaccessible at the stable voltage window of common electrolytes 9. 
Compared to Fe, Mn is generally able to vary its oxidation state from Mn+2 to Mn+3 and 
Mn+4. This feature allows Li2MnSiO4 to extract its whole content of lithium and 2 electrons per 
formula unit 9. As reported in table 2.1, the possibility to exchange 2 Li+ leads to higher 
capacities, which explains the increasing number of studies on this compound, including the 
work of this thesis.  
Table 2.1: theoretical and delivered capacities of some conventional cathode materials and their development 
status 8. 
 LiCoO2 LiMn2O4 LiFePO4 Li2FeSiO4 Li2MnSiO4 
Theoretical capacity 
(mAh g-1) 
274 148 170 330 333 
Delivered capacity 
(mAh g-1) 
145 120 165 160 10 210 10 
Status commercial commercial commercial research research 
  
The orthosilicate family presents a large variety of polymorphs and mixed structures 
composed of tetragonally packed oxide ions (SiO4, LiO4 and MO4). These tetrahedral structures 
derive from the parent Li3PO4, which exists into two polymorphs, labeled β-Li3PO4 and γ-
Li3PO4 respectively. Li2MSiO4 is obtained from these two compounds by exchange of one 
lithium with a transition metal element and the substitution of P with Si 11.  
Li2MnSiO4 has been reported to crystallize into two orthorhombic structures (derived 
from the β-Li3PO4) with space group Pmn21 
12 and Pmnb 13. A monoclinic symmetry (derived 
from γ-Li3PO4) with space group P21/n 
14 and, more recently, Pn 15 was also studied. 
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Experimental and computational studies consider the orthorhombic Pmn21 the most 
electrochemically favorable structure, due to the lowest migration energy barrier of lithium 15.  
All these polymorphs are organized in distorted hexagonal close-packed arrays of 
oxygens, which form corner-sharing tetrahedra where cations are located (fig. 2.1). In the 
orthorhombic phase, MnO-SiO tetrahedra point the same direction. In the monoclinic 
symmetry, they are organized in groups of three, where the central tetrahedron point in the 
opposite direction of the other two 3,11. More recently, new polymorphs where studied, deriving 
from ordering or distortion of the β and γ parent phases 3. The structures are characterized by 
the presence of anti-site defects, where Mn and Li partially exchange their positions. The 
presence of Mn in Li sites impedes Li+ migration and reduces the electrochemical performance 
of the material 16,17. 
 
Fig.  2.1: (a) crystal structure of the orthorombic Li2MnSiO4 (Pmn21, crystallographic data from Dominko et al.12) 
and (b) associated diffractogram 18. 
Despite the Mn+4 oxidation state allows full Li extraction, first electrochemical studies on 
this material showed that a very limited amount of Li (around 0.6 Li-ions exchanged in the first 
cycle 12) was reversibly extracted from the structure. As presented in fig. 2.2, an in-situ XRD 
collected during the galvanostatic measurement shows the material amorphization after 
extraction of around 1 Li+, with consequent reduction of electrochemical performance.  
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Fig.  2.2: in situ XRD diffractogram of  Li2MnSiO4 /C done at C/50 rate and ∆x = 0.2 19. 
In order to explain this behavior, further studies pointed the attention on: (a) the formation 
of amorphous-like MnSiO4, generating a separated phase from Li2MnSiO4 during delithiation 
and (b) the site exchange of Mn+2 and Li+ ions occurring during cycling 17,20. Kalantarian et al. 
16 also proposed the gradual transformation of Pmnb or Pmn21 polymorphs to the weak 
electrochemically active P21/n phase during extraction of lithium. This mechanism would be 
responsible for the limited reinsertion of Li+ under discharge, causing the gradual collapse of 
the material and a drop of performance. Gummow and He 9 underlined the similarity with 
transition metal oxides (i. e. LiCoO2), where full extraction of lithium destabilize the structure 
up to collapse. However, taking into account the variety of existing polymorphs and the possible 
pathways for the diffusion of lithium, the material may show different electrochemical 
performances depending on the structure 3,9. In addition, extraction of the second lithium is 
considered possible only at very high voltages 16.  
To overcome the poor cycle stability and low conductivity of Li2MnSiO4 (around 5x10
-
16 S cm-1), due to the presence of insulating SiO4 tetrahedra surrounding the MnO4 ones 
15, 
various strategies have been proposed. Among them, carbon coating plays a crucial role. 
Aravindan et al. 21,22 described the strong effect of carbon content on the behavior of a 
Li2MnSiO4 composite material. A composite electrode with 42% of carbon exhibited for the 
first time a stable discharge behavior, delivering 140 mAh g-1 for 40 cycles at room temperature. 
A reduction of this amount to around 30% limited the delivered capacity to 75 mAh g-1 at the 
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same operative conditions. The synthesis of mixed-cation structures in the form of 
Li2(Mn,Fe)SiO4 solid solutions was tested by Gong et al. 
23. In this work Fe was used as a 
stabilizer for Mn+3 in tetrahedral coordination. This approach produced Li2Fe0.5Mn0.5SiO4, 
which delivered 214 mAh g-1 (for comparison around 167 mAh g-1 corresponds to 1 Li 
extraction). However the compound suffered from serious capacity fade during cycling. Metal 
doping with Al or Ti was also tested 17. Simulation studies were done on the incorporation of 
Al+3 in Si sites of Li2MnSiO4, with the consequent introduction of additional Li in the structure 
(Li interstitial compensation) as a strategy to increase the availability of Li and to reduce the 
Li/Mn cation exchange effect 11. 
Further conventional approaches to improve the electrochemical properties have been the 
production of composite compounds as well as the optimization of the size of crystallites. For 
this purpose, new techniques allowing the synthesis of nanoparticles such as the solvothermal, 
hydrothermal, sol-gel or microwave assisted synthesis methods have been widely used 17.  
 
2.1.2. State of the art of Li2MnSiO4: synthesis and electrochemical properties. 
Orthosilicates have been prepared exploiting a wide range of methods from the solid state 
reactions and ball milling techniques, to soft syntheses such as sol-gel, microwave assisted, 
hydrothermal or solvothermal methods. In these latter cases, annealing or ball-milling post-
treatments were generally required to obtain a well crystallized product. In all these approaches, 
the addition of a carbon source at a point of the process was necessary to overcome the intrinsic 
low conductivity of the materials and to provide a flexible, protective and stable conductive 
support to the particles. In this section of the chapter, literature related to the electrochemical 
performance of Li2MnSiO4 will be presented. After a few reports on solid state and soft 
approaches, to explore and identify the limits of this material, the attention is pointed on the 
literature concerning the microwave-assisted non-aqueous sol-gel method, which was the 
approach used in this work for the synthesis of the Li2MnSiO4 composite.  
All the capacities reported below have been recorded at room temperature. 
A recent example of solid state synthesis is the one of Gong et al. 24. These researchers 
obtained uniform nanospherical Pmn21 Li2MnSiO4 after calcination at 700 °C in Ar/H2 (5 wt%, 
H2) atmosphere. Further thermal treatments in presence of carbon sources led to the composite 
material. The product showed an initial charge and discharge capacity of 340 mAh g−1 and 
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215 mAh g−1 respectively. The former represents the 2Li+ extraction, while the latter decreases 
fastly to 191 mAh g−1 during the 2nd and 3rd cycles. This value corresponds to nearly 1.1Li+ 
insertion and is equal to 57% of the theoretical capacity, showing the limited ciclability of the 
material. A similar approach was tested by Lui  et al. 25. This group obtained highly crystalline 
Pmn21 Li2MnSiO4 particles coated by a uniform carbon layer, produced after annealing at 
650°C under reducing atmosphere. The initial discharge capacity of Li2MnSiO4/C was recorded 
as 268 mAh g−1, corresponding to the extraction of about 1.6 lithium ions per formula unit. 
Subsequently, the value gradually decreased to ∼203 mAh g−1 for the 5th cycle, corresponding 
to 1.2 Li exchanged. In contrast with the previous example, this compound was able to sustain 
repeated insertion/extraction reactions, and exhibited a relatively high discharge capacity of 
136 mAh g−1 (corresponding to 0.8 Li per formula unit) at the end of 140 cycles. Using a solid 
state approach, Aravindan et al. 26 obtained a Pmn21 Li2MnSiO4/C composite, able to sustain 
up to 50 cycles and showing a certain stability during the electrochemical process. Even though 
the initial capacity is lower than previous examples (160 mAh g−1), this compound mantained 
a value close to the first discharge, decreasing to 140 mAh g−1 after 40 cycles. 
Soft approaches to the Li2MnSiO4 composite were tested for the first time by Dominko et 
al. 12. They exploited a modified Pechini sol-gel synthesis using citric acid as carbon source. 
After firing in a reductive atmosphere (5 wt%, H2) at 700 °C, a Pmn21 Li2MnSiO4 composite 
was obtained. The material showed a marked low cyclability and was able to reversibly 
exchange only 0.6 Li after the first cycle, fading to 0.3 Li exchanged at the 5th cycle. Following 
this first report, further soft approaches were tested. Deng et al. 27 reported a sol-gel based route 
leading to a Li2MnSiO4/C composite. A calcination step at 700°C in Ar/H2 (5 % H2) led to a 
crystalline phase. The initial discharge capacity was higher than that of Dominko’s work, and 
corresponded to 140 mAh g-1 (equivalent to 0.8 Li insertion), although it decreased to around 
70 mAh g-1 after 20 cycles. 
An electrospinning approach was tested by Park et al. 28. The group produced Li2MnSiO4 
nanoparticle embedded in carbon nanofibers. A fibrous Pmn21 Li2MnSiO4/C composite was 
obtained after annealing under reducing atmosphere, showing charge and discharge capacities 
as high as 314 mAh g−1 and 197 mAh g−1 respectively on first cycling. As for the previous 
examples, the material suffered from poor cyclability and the capacity decreased to around 160 
mAh g−1 after 20 cycles. 
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High pressure techniques were employed by Kempaiah et al. 29, who synthesized Pmn21 
Li2MnSiO4 nanoparticles in a one-pot supercritical fluid synthesis. Ball milling in presence of 
a carbon source and a moderate thermal treatment under Ar/H2 ensured the formation of the 
composite. 283 mAh g−1 and 192 mAh g−1 were recorded as first and second discharge capacity, 
and faded to around 140 mAh g−1 after 20 cycles.   
Even though a large amount of papers are published on solid state and aqueous soft routes 
to orthosilicates, at present only two reports are available for the non-acqueous microwave-
assisted approach to Li2MnSiO4. Muraliganth et al. 
30 prepared Li2MnSiO4 particles irradiating 
a mixture of TEOS, LiOH and Mn(CH3COO)2 in tetraethylene glycol (TEG) at 300°C for 5 
minutes (with a ramping time of 20 minutes). The resulting precipitate was then mixed with 
sucrose and fired at 650 °C in Ar atmosphere, to obtain the final Li2MnSiO4/C composite and 
enhance the crystallinity. This sample was constituted by aggregates of around 150 nm and 
primary particles of around 20 nm and assigned to the P21 space group. In accordance with the 
existing literature, this compound delivered around 210 mAh g−1 and 200 mAh g−1 respectively 
during the first and second discharge. The composite demonstrated low stability during cycling, 
and the initial capacity decreased to 50% after 20 cycles. A microwave-assisted solvothermal 
route was also tested by Kuezma et al. 31, leading to Li2MnSiO4 crystals. In this case, 
LiOH∙H2O, Mn(CH3COO)2∙4H2O and TEOS were mixed with ethylene glycol and stirred for 
1h. Urea was added as catalyst and the mixture was microwave treated at 260 °C for 2h at a 
power of 1000 W. The resulting Pmn21 orthosilicate was then mixed with citric acid in different 
ratios and fired at 700 °C for 5h under Ar/H2 atmosphere. The Li2MnSiO4/C composite was 
assigned to P21/n space group, with particle size in the range of 15-100 nm. The higher carbon-
containing sample showed better electrochemical performance among the tested composites. 
The discharge capacity was 130 mAh g-1 and 170 mAh g-1 for the first and third cycle 
respectively, corresponding to 1 Li extraction. The properties drastically faded after 4 cycles. 
These results demonstrate once more the difficulty in synthesizing a compound able to sustain 
repeated cycling without loss of performance. 
Table 2.2 summarizes the delivered capacities in order to give an overview of the limited 
performance obtained so far by researchers. 
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Table 2.2: overview of the delivered capacities for the cited examples. The table refers to discharge capacities in 
mAhg-1 tested at room temperature for carbon-based composite materials. Corresponding exchanged lithium ions 
per formula unit are reported in brackets for the first cycles. Legend: 1st d = first discharge and so on; SS = solid 
state reactions; SG = sol-gel reaction; ES = electrospinning technique; SCF = supercritical fluid methods; MA-
NASG = microwave-assisted non-aqueous sol-gel approach. 
 Reference 1st d 2nd - 5th d 20th d 40th - 50th d 
SS Gong 24 215 (1.3) 191 (1.1) - - 
Lui  25 268 (1.6) 230-203 (1.4 -1.2) - 152 
Aravindan 26 160 (1) - - 140 
SG Dominko 12 100 (0.6) 50 (0.3) - - 
Deng 27 140 (0.8) - 70 - 
ES Park 28 197 (1.2) - 160 - 
SCF Kempaiah 29 283 (1.7) 192 (1.1) 140 - 
MA- 
NASG 
Muraliganth 30 210 (1.3) 200 (1.2) 100 - 
Kuezma 31 130 (0.8) 170 (1) - - 
 
As shown by these examples, the extraction of two lithium ions from Li2MnSiO4 is 
difficult, however few exceptions exist when solid state methods or electrospinning techniques 
are employed. Higher capacities are only obtained at elevated temperatures or during the very 
first cycles. The structure is unable to sustain repeated cycling, leading to a rapid reduction of 
performance and cell life. In all the reported works high-energy post-synthesis treatments are 
routinely employed to enhance both crystal phase formation and carbon coating, in order to 
increase the electrochemical performance. The material clearly needs furter improvements in 
terms of stability and cyclability. 
 
2.2. Iron fluorides.  
Inorganic fluorides are ionic compounds largely used in microelectronics, optics, 
medical, catalysis and energy storage applications 32–35. In the latter field, they attracted 
attention as conversion cathode materials. Compared to pure intercalation electrodes, where 
guest ions (Li+) are reversibly inserted and removed into/from interstitial sites in the host 
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structure, conversion cathodes are also able to undergo an additional solid-state redox reaction. 
Therefore, for iron fluorides, the reaction between lithium and Fe in FeF3 produce LiF and 
reduces Fe(III) to metallic Fe. The energy stored in such conversion electrodes is greatly 
increased, since the reduction of iron releases up to three electrons. However, the exploitation 
of metal fluorides has been limited, primarily due to their high band-gap and associated low 
conductivity, induced by the high polarization of the M-F bond 36. In recent years, the interest 
on these materials raised, mainly due to: (a) the possible production of nanosized fluorides, in 
which the diffusion path of Li-ions is reduced and the contact between cell components 
increased, resulting beneficial for electrode performance; (b) the coupling with conductive 
agents to produce nanocomposites showing enhanced electrochemical activity; (c) the presence 
of oxygen atoms inside the structures, leading to reduced polarization and increased cell life 37.   
 
2.2.1. Physicochemical properties of FeF3, FeF2, Na3FeF6. 
Iron(III) fluoride. Among the family of metal fluorides for electrochemical applications, 
FeF3 has been the most studied compound so far. This wide interest lies on the possible 
extraction of 3e- per formula unit, leading to a theoretical capacity of 712 mAh g-1 38, which is 
more than the double of that expected, for instance, in transition-metal silicates. The ability to 
deliver such a high capacity lies on the conversion reaction taking place during the 
electrochemical process. The reaction pathways leading to the conversion reaction have been 
recently identified 39 and can be summarized as follows: the topotactic insertion of Li-ions 
inside the structure promotes lattice rearrangements and formation of the Li0.5FeF3 phase. Due 
to the limited number of intercalating sites, further addition of Li leads to the conversion 
reaction, in which eventually elements recombine to give LiF and metallic Fe. In this process 
(discharge) iron is reduced from Fe3+ to Fe0, releasing 3 electrons per formula unit. 
Similar to other metal fluorides, FeF3 suffers from poor conductivity and large voltage 
hysteresis. This was explained considering the difference in distribution of electrochemically 
active phases during charge and discharge, and the interfaces which creates during the process 
39. Figure 2.3 schematically reports the phase evolution in a FeF3 particle.  
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Fig.  2.3: illustration of the phase evolution of a FeF3 particle during cycling 39. 
During discharge (bottom curve), FeF3 gradually transforms into LiF and Fe
0, passing 
through a three-phase compound. This nanocomposite is likely composed by an interconnected 
network of Fe0 particles embedded into a LiF insulating phase 40, and the percolating iron 
network assures electron transport. During charge (top curve), extraction of Li leads to the 
formation of a LiF and FeF2 shell on the particle’s surface. Since both the phases are insulating, 
electron transport to the nanocomposite’s core is perturbed, generating a large hysteresis and 
affecting the electrochemical performance.  
FeF3 crystallizes in rhombohedral, pyrochlore or orthorhombic (hexagonal tungsten 
bronze HTB) structures. Due to its high hygroscopicity, it forms a series of partially hydrated 
compounds, the most common include FeF3∙3H2O, FeF3∙0.5H2O and FeF3∙0.33H2O 
34,36. The 
determination of their crystal structure can be difficult, since differently hydrated compounds 
may adopt the same lattice, depending on reaction pathways. For instance, the dehydration of 
FeF3∙3H2O may lead to HTB-FeF3∙0.33H2O, HTB-FeF3, or a partially hydrolyzed HTB-FeF3-
x(OH)x∙yH2O (y ≤ 0.33), all showing the same XRD signature 
36. Recently, Burbano et al. 41 
investigated the thermal decomposition behavior of β-FeF3∙3H2O leading to HTB-FeF3-x(OH)x. 
In this compound, infinite chains of FeF6 and Fe2(H2O)4 units form the lattice, while water is 
located in between and helps in holding the structure by means of hydrogen bonds (fig. 2.4). 
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Fig.  2.4: the β-FeF3∙3H2O structure proposed by Burbano et al. 41.  
HTB-FeF3∙0.33H2O shows better electrochemical performance compared to FeF3 and 
FeF3∙3H2O phases, therefore is considered a valid alternative for the production of fluoride-
based positive electrodes 38,42. HTB-FeF3∙0.33H2O presents a tunneled lattice, where water is 
located inside hexagonal cavities and serves as stabilizer. However, water occupies 1/3 of 
lithium sites, allowing the intercalation of Li+ into the remaining 2/3 vacant positions. 
Moreover, -OH groups may replace -F atoms present in the tunnel of the HTB, leading to 
hydrated hydroxyfluorides with the formula HTB-FeF3-x(OH)x∙yH2O (y ≤ 0.33) 
43 (fig. 2.5).  
 
Fig.  2.5: (a) crystallographic structure of HTB-FeF3∙0.33H2O 42 and (b) possible substitutions of F atoms. Black 
points and white sphere correspond to –OH groups and water respectively 43.  
Unlike the anhydrous FeF3 phase, HTB-FeF3∙0.33H2O was reported to behave as a pure 
intercalation material in the potential window 4.5-1.6 V vs Li+/Li0 42. 
Iron(II) fluoride. Similarly to FeF3, FeF2 is considered a promising cathode material, due 
to its high theoretical capacity (around 570 mAh g-1) and low cost of iron 44. However the 
material suffers from poor ionic conductivity and shows a marked insulating character, mainly 
due to the large band-gap induced by the highly ionic character of the Fe-F bond 45. 
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Compared to FeF3, the electrochemical reaction of FeF2 is simpler and involves mostly a 
conversion step. In this process, three nanoscale phases exist, and they are generated by the 
following conversion reaction: FeF2 + 2Li
+ + 2e- → Fe + 2LiF. The reaction gradually 
transforms the FeF2 phase in a percolating network of Fe nanoparticles, embedded in an 
insulating matrix of LiF. This Fe network acts as a pathway for electron transport, while ion 
transport occurs at the interface of nanoparticles 46,47. More recent studies reported the presence 
of Fe3+ during charge, indicating the formation of a mixture of phases different from the parent 
FeF2, and containing iron in all its three oxidation states 
39.  
Sodium hexafluoroferrate(III). Sodium-ion batteries gained attention as low cost and 
environmentally friendly devices, thanks to the high abundancy of sodium 48–50. Na3FeF6 is a 
sodiated form of iron fluoride and can be used as cathode for Na-ion secondary cells, for which 
it can theoretically deliver 337 mAh g-1. Similarly to the fluoride family, this compound 
undergoes a conversion reaction following the equation: Na3FeF6 + 3Na → Fe + 6NaF 
51. 
During this process, the insertion of 3Na+ inside the Na3FeF6 structure leads to the reduction of 
Fe3+ to metallic iron and the formation of a NaF insulating phase. 
 
2.2.2. State of the art of FeF3, FeF2, Na3FeF6: synthesis and electrochemical 
properties. 
Fluorides can be produced by solid state or mechanochemical reactions. Recently, soft 
chemistry approaches such as sol-gel, hydrothermal or solvothermal methods, have been 
increasingly explored by scientist for the direct production of active fluorides. A short overview 
of the materials studied in this thesis is presented in the following lines, to give the reader an 
idea of achievable electrochemical performance. Reported capacities are recorded at room 
temperature if not differently stated.  
Iron(III) fluoride. The electrochemical activity of iron trifluoride was firstly reported in 
1997 by Arai et al. 52. In their study, commercial FeF3 demonstrated low electrochemical 
activity (80 mAh g-1 delivered at low rate) and topotactic insertion of maximum 0.5 Li+ per 
formula unit. This poor behavior was probably induced by a lack in nanostructuration of the 
commercial material as well as the absence of carbonaceous conductive agents.  
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The knowledge of structures and electrochemical mechanisms was in the early stages at 
that period, limiting the development of valuable electroactive iron fluorides, but improvements 
in this direction have been done recently by papers of Louvain et al. 34, Duttine et al. 37, Frankle 
et al. 43 and Li et al. 39. 
 Aiming to explore a soft method for the production of fluorides, a ionic liquid-based 
approach was tested by Maier’s group 42,53–56. FeF3 was produced by reacting Fe(NO3)3∙9H2O 
in 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF4) ionic liquid at 50°C. This ionic 
liquid (IL) acts as solvent, template and source of fluorine (BF4
- degrades to F- and BF3 in 
presence of water). The authors obtained HTB-FeF3∙0.33H2O, studying the influence of 
structural water molecules on the electrochemical behavior during intercalation. 1/3 of Li+ sites 
were found occupied by structural water, leading to partial insertion of Li-ions and delivered 
capacities lower than the theoretical 150 mAh g-1 (corresponding to the insertion of 0.66 Li+). 
Improved performances were obtained through the production of single-walled carbon 
nanotubes (SWCNTs) composites of HTB-FeF3∙0.33H2O, which delivered 150 mAh g
-1for 50 
cycles. BmimBF4 ionic liquid was also used by Li et al. 
57 to stabilize graphene nanosheets 
(GNS), leading to HTB-FeF3∙0.33H2O/GNS composite after reaction at 80°C. 90 mAh g
-1 were 
recorded at high rates (40C) and the composite remained stable for as long as 200 cycles. 
Moderate rates led the composite material to stably deliver 110 to 150 mAh g-1 for 200 cycles. 
However, the high costs of ionic liquids may limit the exploitation of this method for wide 
applications. 
A microwave-assisted precipitation synthesis was performed by Duttine et al. 37. For their 
study HTB-FeF3-x(OH)x∙(H2O)0.33 was precipitated irradiating a mixture of aqueous HF and 
Fe(NO3)3∙9H2O to 90 °C for 30 minutes. Powders were thermally treated to 110 °C and then 
annealed at various temperatures to tailor the composition. This study demonstrated the effect 
of composition on electrochemical performance. Samples with lower water and –OH groups 
content recorded better performances such as 110 mAh g-1.    
 Recently, Chen et al. 58 explored both soft and mechanochemical approaches for the 
production of iron fluorides. The group obtained HTB-FeF3∙0.33H2O by using a surfactant-
based precipitation method. NH4F and Fe(NO3)3∙9H2O were used as precursors. Precipitates 
were dried at 80°C and electrochemically tested, recording a specific capacity of around 130 
mAh g-1. An alternative approach to the previous work was used by Liu et al. 38, which obtained 
HTB-FeF3∙0.33H2O and FeF3∙3H2O exploiting a surfactant-free precipitation method. The 
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group produced firstly FeF3∙3H2O, treating precipitated Fe(OH)3 powders with aqueous HF. 
Thermal treatment at 180 °C of this first phase led to FeF3∙0.33H2O. By ball milling of the 
obtained hydrated species with acetylene black, corresponding carbon composites were 
produced. During electrochemical tests of the composites, very high initial discharge capacities 
were recorded, however after 30 cycles the values decreased to 200 mAh g-1 and 110 mAh g-1 
for FeF3∙0.33H2O/C and FeF3∙3H2O/C respectively. 
FeF3∙0.33H2O and FeF3∙3H2O nanoparticles were also obtained by Long et al. 
59 
employing a solvothermal and a room-temperature precipitation method respectively. Aqueous 
HF and Fe(NO3)3∙9H2O were employed as precursors and mixed with different surfactants. The 
solvothermal reaction was carried out in EtOH at 120°C for 12h, yielding FeF3∙0.33H2O 
nanocrystals, while acetone was employed to precipitate FeF3∙3H2O at room temperature. 
Electrochemical performance of both samples were recorded, which exhibited specific 
capacities in the range 210-150 mAh g-1 and 220-160 mAh g-1 for FeF3∙0.33H2O and FeF3∙3H2O 
respectively, during 50 cycles. 
Iron(II) fluoride. Literature on ferrous fluoride is not as abundant as for its trivalent 
counterpart. The main reason is a reduced theoretical capacity associated to this compound. 
However, the achievable capacity is still higher compared to other compounds such as 
phosphates, orthosilicates or oxides, making it interesting for further studies. In order to clarify 
its electrochemical behavior, few examples of chemical routes and electrochemical responses 
are briefly reported below.  
Carbon-nanotube-encapsulated FeF2 nanorods were produced by Zhou et al. 
60. The 
composite was obtained by co-pyrolysis of ferrocene and NH4F precursors at 500°C for 3h. 
FeF2 nanorods of 2-4 µm length, diameters ranging between 200 and 500 nm and surrounded 
by an outer carbon shell were produced. Discharge capacities of around 200 mAh g-1 were 
recorded and resulted stable for 50 cycles.  An interesting approach to FeF2 was recently 
presented by Gu et al. 61, who produced confined ferrous fluoride nanocrystals in highly porous 
carbon particles. In this work, a solution of FeSiF6 was infiltrated into carbon nanopores, then 
annealed at 250 °C for 4h. The obtained composite showed stable capacity of around 120 mAh 
g-1 for 200 cycles. 
Sodium hexafluoroferrate(III). At present, only one paper reported the synthesis of 
Na3FeF6. Shakoor et al.
51 prepared Na3FeF6/C composite by mechanochemical reaction using 
NaF and FeF3 as precursors and then milling the produced fluoride in presence of carbon 
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additives for several hours. The sample demonstrated activity with both Li and Na counter 
electrodes. In Na cells, this composite delivered between 100 and 120 mAh g-1, however 
capacities remarkably decreased after the 10th cycle and faded to around 50 mAh g-1 at the 20th 
one.   
Table 2.3 summarizes the delivered capacities, in order to give an overview of the 
performance obtained so far by researchers. 
Table 2.3: overview of the delivered capacities for the cited examples. The table refers to discharge capacities in 
mAhg-1 tested at room temperature for pure and composite materials. Corresponding exchanged lithium ions (Na 
for ref. 45) per formula unit are reported in brackets for the first cycles. Legend: 1st d = first discharge and so on; 
* = composite fluoride. 
Material 
Theoretical 
capacity 
Reference 1st d 2nd - 5th d 20th d >20th d 
FeF3·0.33H2O 681 mAhg
-1 Maier 53* 220 (1) 170 (0.7) 150 140 
Li 57* 230 (1) 210 (0.9) 200 210 
Duttine 37 180 (0.8) 110 (0.5) 110 100 
Chen 58 160 (0.7) 125 (0.6) - 130 
Liu 38* 700 (3.0) 350 (1.5) 200 170 
Long 59 210 (0.9) 190 (0.8) 175 150 
FeF3·3H2O 485 mAhg
-1 Liu 38* 340 (2.1) 180 (1.1) 130 110 
Long 59 220 (1.3) 200 (1.2) 180 160 
FeF2 576 mAhg
-1 Zhou 60* 340 (1.2) 230 (0.8) 220 200 
Gu 61* 210 (0.7) 160 (0.6) 130 120 
Na3FeF6 337 mAhg
-1 Shakoor 51* 125 (1.1) 120 (1.1) 50 - 
 
As depicted by this brief overview, various forms of iron fluoride are obtained, 
characterized by different oxidation states of Fe or hydration degrees. The latter depends on 
precursors and synthesis pathways, as well as on thermal treatments which may be used to 
reduce the amount of water inside the samples. However, all the reported forms of iron fluorides 
are electrochemically active, and they require nanostructuration and carbon coupling to 
improve their electrochemical performance.   
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Chapter 3 
Iron fluorides: synthesis, characterization and 
discussion of the reference material FeF3∙0.33H2O and 
its graphene oxide-based composite 
 
 
 
3.1. Brief introduction. 
For the structural and electrochemical study of iron fluorides in this work, HTB-
FeF3·0.33H2O xerogel was firstly obtained by a room temperature fluorolytic sol-gel process 1 
and taken as reference. As known, the main drawback of iron fluorides is their insulating 
character due to the highly polarized Fe-F bond (chapter 2 section 2.2.1). One of the main 
strategies to circumvent the intrinsic low conductivity, is the association with conductive 
carbonaceous agents (chapter 1 section 1.4). Aiming at the improvement of the 
electrochemical properties of the fluoride, a graphene oxide (GO) -based FeF3·0.33H2O 
composite was prepared, and the electrochemical behavior compared to that of unsupported 
FeF3·0.33H2O. In order to thoroughly understand both the electrochemical reaction and the 
related structural evolution, these compounds were also submitted to an operando Mößbauer 
and X-Ray diffraction measurements during galvanostatic data collection. The result of this 
work is resumed in the following sections.   
 
3.2. Synthesis of FeF3∙0.33H2O and the iron fluoride/GO nanocomposite. 
Explanation of changes in the synthesis procedure. 
The strategy used for the synthesis of FeF3·0.33H2O involved a simple room 
temperature reaction procedure, followed by a thermal treatment at relatively low 
temperature1. Firstly the iron nitrate precursor was thermally dehydrated to reduce the water 
content. The precursor was transformed into Fe(OH)x(NO3)3-x·yH2O, as described 
previously2. The as treated precursor was directly dissolved in MeOH and reacted overnight 
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with HF to form a clear, stable sol. The liquid medium was gently evaporated under vacuum 
and the resulting powder was thermally treated at 100°C for 2h, yielding a FeF3·0.33H2O 
xerogel (F0, table 3.1).  
As anticipated above, for the production of viable electrodes the coupling with a 
conductive carbonaceous agent is crucial in order to improve the electrochemical performance 
of an electroactive material. Herein, FeF3·0.33H2O was combined with graphene oxide, a 
widely used conductive material for the synthesis of composites to be used as electrodes in 
Li-Ion batteries 3–5. GO is a 2D carbon-based nanomaterial obtained from oxidation of 
graphite flakes 6–8. Oxidation treatment interrupts the sp2 structure of the stacked graphene 
sheets, reduces particles size, induces exfoliation of the stacked layers and introduces defects 
(sp3 hybridized areas) and oxygenated functionalities such as hydroxyl, epoxy, carbonyl and 
carboxylic moieties, the latter being mostly located on the edges of the sheets 9,10. These 
functionalities decorate the layers surface and may act as both anchoring sites for the 
production of composite materials 3,10 and reactive groups for surface modification reactions 
with small molecules 9,11.  
For the synthesis of the fluoride/GO nanocomposite the previously described procedure 
was slightly changed. The iron nitrate precursor was dehydrated as already mentioned. 
Separately, GO was mixed with a HF/MeOH solution and sonicated for 1h to enhance support 
dispersion. Compared to the previous approach, however, an increased amount of HF was 
required, as reported in table 3.1, and the amount of GO was adjusted on the basis of the 
obtained results. The GO suspended in HF/MeOH was added to the partially dehydrated iron 
precursor dissolved in MeOH, and the mixture was then treated as previously described. With 
this procedure, three samples of iron fluoride/GO nanocomposite were obtained, namely F1, 
F2 and F3 (for experimental details refers to the experimental section).  
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Table 3.1:  synthesis parameters of the analyzed iron fluoride/GO nanocomposites. 
Sample GO (mg) Fe:HF XRD phase Morphology 
F0 1 - 1:3 FeF3·0.33H2O Aggregates 
F1 50 1:3 Mostly amorphous Aggregates 
F2 50 1:6 FeF3·0.33H2O/β-FeF3·3H2O 
Fiber-like structures and 
aggregates 
F3 100 1:6 β -FeF3·3H2O 
Fiber-like structures and 
aggregates 
 
In fig. 3.1 diffractograms and TEM analyses of samples F1 and F2 are reported.  
 
Fig.  3.1: (i) diffractograms of (a) sample F1 and (b) sample F2. Bars corresponds to: black - FeF3 ∙ 0.33H2O 12, 
red - β-FeF3 ∙ 3H2O 13; TEM images of (ii) sample F1 and (iii) sample F2. Lower magnification of sample F2 
shows the structure of the elongated morphologies. 
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Sample F1 was produced following the standard procedure for the synthesis of 
FeF3∙0.33H2O, with the only exception of the GO addition in the reaction medium. Its 
diffractogram (fig. 3.1-i-a) is amorphous and the identification of the phase is not possible. 
The sample is homogeneously composed of aggregates of various sizes from tenths of 
nanometer to over 100 nm, as revealed by the TEM image in fig. 3.1-ii. Taking into account 
these results, an increased amount of HF was used, in order to improve the crystallinity of the 
material. Sample F2 was obtained applying the procedure used for the synthesis of sample F1, 
but using a Fe:HF = 1:6 molar ratio. In the latter case, the material showed better crystallinity, 
as revealed by the sharp reflections in fig. 3.1-i-b. The pattern presents reflections belonging 
to both β-FeF3∙3H2O and FeF3∙0.33H2O, revealing a mixture of phases. However, the higher 
intensity of the main peak of β-FeF3∙3H2O at 2θ = 15.9° would suggest the presence of a 
major amount of the trihydrated form. The two peaks at 2θ = 18.3° and 30.3° belonging to 
FeF3∙0.33H2O are not visible. This is due to their very low intensity (lower than 0.1%) 
compared to the 100% peak, which is positioned at 2θ = 13.4°. TEM analysis in fig. 3.1-iii 
shows a less homogeneous sample than F1. In fact, F2 is composed of a mixture of aggregates 
and fiber-like structures. Their presence could be due to the increased amount of HF in the 
reaction medium, which enhance the formation of elongated structures, as already reported by 
Li et al. 14. From TEM analysis however, it was not possible to easily detect deposited 
material onto the GO surface. For that reason, the amount of GO was doubled, leading to the 
synthesis of a β-FeF3·3H2O-based composite (F3). 
Since F3 revealed interesting electrochemical properties, it will be detailed in the next 
section and compared with the GO-free FeF3∙0.33H2O (F0), which was taken as reference.  
   
3.3. Structural characterizations of FeF3∙0.33H2O and its selected 
composite.  
3.3.1. XRD, FT-IR and MS-TGA characterizations. 
The diffractograms of the reference fluoride F0 and the nanocomposite F3 are presented 
in figure 3.2(i). The GO-free product (a) can be indexed according to the FeF3·0.33H2O 
structure of Leblanc 12, confirming the tungsten bronze-type phase. Lattice constants are 
found to be slightly smaller than the ones reported in the reference pattern (table 3.2), whereas 
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the calculated average crystallite size for this compound is 12 nm, as revealed by the 
broadened reflections of the diffractogram.  
 
Fig.  3.2: (i) XRD pattern of FeF3∙0.33H2O (a) and the as synthesized composite β-FeF3∙3H2O/GO (b);  (ii) XRD 
pattern of the dried composite FeF3∙0.33H2O/GO after electrode casting (Al refers to peaks belonging to the 
current collector); bars correspond to: black - FeF3∙0.33H2O 12, red - β-FeF3∙3H2O 13. (iii) IR spectra of 
FeF3∙0.33H2O (a), the composite β-FeF3∙3H2O/GO (b) and GO (c).   
Both results are in accordance with previously reported data on the bronze-type iron 
fluoride hydrate 17. Pattern (b) can be assigned to the β-FeF3·3H2O structure of Teufer 13. 
Compared to FeF3·0.33H2O, the GO-based composite (b) shows sharper peaks, indicating the 
presence of bigger crystallites, and the calculated crystallites size value (78 nm) is found to be 
bigger than that obtained for FeF3·0.33H2O (12 nm). Cell parameters are in accordance with 
the reference values reported in table 3.2, giving further confirmation of the obtained phase. 
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Table 3.2: lattice constants and crystallite sizes calculated for the indicated iron fluorides and iron 
fluoride/carbon composites. 
Sample a (pm) b (pm) c (pm) Cristallite sizes (nm) 
FeF3·0.33H2O 
JCPDS 76-1216 
742.3 1273.0 752.6 / 
β-FeF3·3H2O 
JCPDS 32-0464 
784.6 784.6 387.7 / 
FeF3·0.33H2O 738.2(3) 1277.6(5) 749.7(1) 12 
β-FeF3·3H2O/GO 782.4(1) 782.4(1) 387.0(1) 78 
Dried electrode 
FeF3·0.33H2O/GO 
739(1) 1281(1) 753(1) 101.5 
 
The formation of the trihydrated fluoride is not really surprising and is due to the 
presence of GO in the reaction medium. The latter generally contains various oxygenated 
functionalities such as carbonyl, carboxyl, hydroxyl and epoxy moieties on surface of layers, 
whose amount mostly depend on the conditions (reaction temperature, time and type, 
reactants and graphite precursor) used for the oxidation treatment and workup 9,18. Traces of 
residual water coming from the production and drying process are also present and can have 
an effect on the hydration degree of these materials. The influence the GO has on the 
hydration degree of these series of fluorides is evidenced comparing samples F2 and F3. 
Doubling the amount of GO in the reaction medium from 50 mg (F2) to 100 mg (F3), led to 
the formation of the trihydrated fluoride β-FeF3·3H2O/GO. The latter rearranged into 
FeF3·0.33H2O/GO composite during the electrode casting process, which involved an 
overnight thermal treatment at 120 °C under vacuum (figure 3.2 ii). Such an occurrence has 
been already reported for compounds treated under similar conditions 19 and can be related to 
the structural similarities between the high and low water content forms. In β-FeF3·3H2O, 
FeF6 and FeF2(H2O)4 octahedra are connected in infinite chains alternated with water 
molecules, while occurrence of hydrogen bonds help holding this arrangement. Thermal 
treatments on this compound induce dehydration and hydrolysis, followed by structural 
collapse into a HTB-FeF3-x(OH)x hydroxyfluoride 19, where chains reorganize and generate 
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large hexagonal water-containing channels exploited for Li+ diffusion 20–22 (for structure 
representation of FeF3·0.33H2O and β-FeF3·3H2O refers to chapter 2, section 2.2.1).   
FT-IR measurements were recorded on FeF3·0.33H2O, β-FeF3·3H2O/GO and GO, to 
evaluate the interaction between fluoride particles and carbon sheets (fig. 3.2 iii). The major 
signal visible at 450 cm-1 belongs to the structural iron fluoride octahedrons of both 
FeF3·0.33H2O (a) and β-FeF3·3H2O/GO (b) compounds 23. Presence of structural water in 
both FeF3·0.33H2O and β-FeF3·3H2O/GO nanocomposite generate signals at 1617 cm-1 and 
between 3000-3700 cm-1. Peaks at 3630 cm-1 and in the region 800-1300 cm-1 originate from 
stretching and bending modes of free hydroxyl groups in the structure 24. In case of the 
nanocomposite, the signal at 1617 cm-1 is also associated to vibrations of skeletal C-C of the 
GO compound 25. Carbonyl signals are observed at 1720 cm-1 and C=C vibrations at 1560 cm-
1 (c). Carboxy C-O signals are visible at 1414 cm-1 26. Epoxy C-O and hydroxyl group 
vibrations are found in the region between 1300 and 800 cm-1 25,26.  
The presence of structural hydroxyl groups is a direct consequence of the synthesis 
method used herein, which was firstly developed to induce the formation of both Lewis 
(surface Fe) and Brønsted (OH groups) acidic sites on the surface of the ferric fluoride 
particles. The partial hydroxylation of the fluoride is obtained because of: (a) the pre-
dehydration of the iron nitrate precursor (Fe(NO3)3·9H2O), which leads to an iron hydroxide-
nitrate precursor of general formula Fe(OH)x(NO3)3-x·yH2O 2, in which OH groups are 
already present, and (b) the competition between M-F and M-OH bond formation during 
synthesis, which eventually leads to a partial substitution of fluoride anions by OH groups 24.  
A TGA-MS analysis recorded on FeF3·0.33H2O, revealed a 19.5% weight loss related 
to water (Figure 3.3). 
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Fig.  3.3: thermogravimetric analysis and mass spectrometry results of the GO-free iron trifluoride hydrate. 
This value is considerably higher than those reported by other authors20,24,27,28 and is of course 
much higher than the value of 5 % calculated for the simple extraction of the structural water 
molecules, therefore it may be associated to adsorbed water. Through mass spectrometry 
combined to the TG apparatus, the mass fragments m/z = +17, +18 and +19, characteristics of 
hydroxyls, water and HF, respectively, were detected. The main weight loss occurring in the 
region 60-240 °C partially overlaps with a second mass loss measured from 240 to 400 °C. 
Both water loss (adsorbed and structural) as well as dehydroxylation occur in this wide range, 
whereas HF evolution starts at around 300-320 °C. This temperature is higher than that 
reported in a previous study by Francke et al. 29, where an increased thermal stability has been 
associated with a reduced amount of neighboring linked -OH groups in the bronze structure. 
In fact, when a -OH group substitutes a fluoride atom in the lattice and is surrounded by one 
or more other -OH groups, temperature increase enhances the reaction between two 
neighboring hydroxides to generate an oxo bridge (Fe-O-Fe), with the associated release of a 
water molecule and formation of an anionic vacancy. Iron immediate neighborhood is then 
destabilized via the weakening of the Fe-F bonds and an increasingly probable release of HF. 
The iron fluoride presented here should be thus more accurately described as an 
hydroxyfluoride of general formula FeF3-x(OH)x·nH2O with n ≤ 0.33. 
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3.3.2. TEM, SEM and specific surface (BET) characterizations. 
Fig. 3.4 (a) shows the morphology of the as synthesized FeF3·0.33H2O. The sample is 
composed of large nanoparticles aggregates ranging from few hundreds of nanometers to 
around 2 µm. The selected area electron diffraction (SAED) pattern of this sample shows 
diffuse rings and spots, indicating a certain degree of low range order, in accordance with the 
profile of the pattern presented in fig. 3.2-i-a, where broadened peaks are present. Reflections 
corresponding to the FeF3·0.33H2O phase are found and confirm the XRD results 12. The non-
uniform texture evidenced by TEM analysis, which could be at first attributed to porosity, is 
actually due to the defluorination the electron beam produces on the fluoride, as reported by 
the group of Maier 20.  A supplementary proof of this effect can be obtained thorough BET 
analysis (fig 3.4-c). The average pore values were found to be in the range of 12 to 16 nm 
respectively from desorption and absorption analyses. The recorded specific surface area was 
20 m2·g-1. This low value is in accordance with that reported in literature, since fluorides are 
known to have low specific surface ranging from 10 to 50 m2·g-1 30. 
 
Fig. 3.4: (a) TEM image and (b) SAED of FeF3·0.33H2O, (c) EDX mapping (red corresponds to Fe and green to 
F, while the light grey picture shows the mapped region) and (d) Specific surface area analysis. 
SEM-EDX mapping (fig. 3.4-d) was performed to evaluate the distribution of the 
elements in the compound. The analyzed portion of sample confirms the presence of 
homogeneously distributed Fe and F at the measured scale. The dark region visible in the Fe 
and F maps is an artifact attributed to the reabsorption of the characteristic X-rays due to the 
shape of the analyzed portion of sample. 
62 
 
When the reaction is performed in presence of GO and with HF excess, the composite is 
constituted by flake-like particles ranging from 25 to 45 nm, and visibly deposited onto the 
GO layers. These particles are frequently embedded into a network of fibrous iron fluoride, 
the formation of which was already observed by Li et al. 14 when an excess of HF (compared 
to iron) is used (fig 3.5-a and inset).  
 
Fig. 3.5: (a) TEM images, (b) SAED and (c) particles distribution of FeF3·3H2O/GO composite; (d) specific 
surface analysis of the sample and (e) SEM-EDX mapping (red corresponds to Fe, green to F and blue to C, 
while the light grey picture shows the mapped region).  
The selected area electron diffraction pattern (SAED, fig. 3.5-b) confirms the XRD 
result, and shows reflections corresponding to a polycrystalline β-FeF3·3H2O phase 13. In 
addition, few diffraction planes (marked by a star) can be attributed to FeF3·0.33H2O 12. The 
presence of the low hydrated phase is probably due to the dehydration induced by the electron 
beam, as also recently observed on the same β-FeF3·3H2O material by other researchers 20. 
Specific surface and porosity of the sample (fig. 3.5-d) were estimated by N2 adsorption-
desorption using the BET method, and showed a surface of 40 m2 g-1 and an average pore 
values in the range 5-7 nm. The difference with the previous sample is possibly due to the 
different shape of the particles. Compared to FeF3·0.33H2O, the formation of the long fibrous 
structures in the composite may contribute to the increment of the surface area. SEM-EDX 
mapping in fig. 3.5-d confirms again the presence of well distributed Fe and F at the measured 
scale, as well as the presence of GO, as revealed by the blue picture.  
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3.4. Study of the unsupported and GO-based iron fluoride electrochemistry 
and structural evolution during cycling by means of conventional and 
operando techniques. 
3.4.1. Electrochemistry. 
After structural characterization, FeF3·0.33H2O and the FeF3·0.33H2O/GO composite 
were submitted to electrochemical evaluation. Galvanostatic cycling for the two electrode 
materials is shown in figure 3.6-a and -b. FeF3·0.33H2O and the FeF3·0.33H2O/C composite 
delivered 279 and 696 mAh·g-1 respectively during the first discharge. The latter value is 
close to the theoretical capacity of 712 mAh·g-1 and is mainly due to the conversion reaction 
taking place between 2.0 and 1.5 V, as evidenced by the long plateau of the electrochemical 
curves. This plateau is reduced after each discharge (fig. 3.6-b), due to the irreversible nature 
of the conversion reaction, and disappears after around 10 cycles.  
 
Fig. 3.6: initial galvanostatic cycles recorded at C/10 for (a) FeF3·0.33H2O and (b) FeF3·0.33H2O/C composite. 
During successive cycles (fig. 3.7) where only the insertion reaction takes place, 
FeF3·0.33H2O/C remains well capable of delivering more than 90 mAh·g-1 at relatively high 
rates. The latter value is recorded at C rate (where the cycling rate C/n corresponds to 1Li+ 
exchanged in n hours), and is three times more than the 30 mAh·g-1 registered for the pure 
iron fluoride hydrate. When the cycling current is decreased back to the initial C/10 value, the 
GO-based composite recovers full capacity, delivering around 150 mAh·g-1, which represents 
the theoretical capacity of FeF3·0.33H2O 17,27 when only the insertion reaction occurs. This is 
not the case for the pure compound, for which only 60 mAh·g-1 are recorded after the 50th 
cycle. 
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Fig. 3.7: cycling behavior at various current rates of pure FeF3·0.33H2O (triangles) and of FeF3·0.33H2O/C 
composite (circles). Open symbols represent charge while full symbols represent discharge. 
These results demonstrate the superior performance of the composite compared to 
FeF3·0.33H2O. Since the carbon content estimated by elemental analysis was 3% (0.4% for 
the as synthesized FeF3·0.33H2O), such a good result may be related to specific features of 
the nanocomposite including: (a) a high working material/conductive carbon ratio, which 
would improve the energy density; (b) the different morphology and the presence of the 
fibrous network compared to the pure fluoride, which may result in enhanced electron 
transport at the end of conversion reaction, and (c) a reduced amount of water in the sample, 
making the material much similar to a bronze-type anhydrous iron fluoride, as evidenced by 
the capacity value obtained on first discharge.  
 
3.4.2. Operando Mössbauer spectroscopy of FeF3∙0.33H2O. 
The electrochemical characterization of iron fluorides presented in fig. 3.6 evidenced 
the existence of both insertion and conversion reactions occurring in the voltage window 4.5-
1.6V. However, for the same phase published by Maier et al.17, only the insertion reaction 
was visible in the same voltage region. Taking into account the univocal attribution to the 
FeF3·0.33H2O phase for all the studied compounds, further characterizations were needed to 
understand the reasons of this difference.  
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Additional insights on the subject were, however, discussed by recent literature. As 
reported, bronze-type iron trifluoride, containing structural hydroxyl groups and obtained by 
soft chemistry methods, presents electrochemical reactions taking place at potentials halfway 
between those observed for pure anhydrous FeF3 (around 3.3 V for insertion and around 2.6 V 
for conversion, at RT) and those observed for FeOF (around 2.3 V for insertion and around 
1.7 V for conversion, at RT) 24,28,31–34. For both these compounds, the electrochemical 
reaction with lithium is the same, and consists on an insertion (accounting for 1e-) followed 
by a conversion reaction (accounting for the remaining 2e-), however the associated phase 
transformations are rather different. Anhydrous FeF3 (hexagonal lattice) transforms into a 
mixture of Fe nanoparticles embedded into a LiF insulating matrix at the end of discharge and 
reverts to a lithiated rutile phase during charge 35; in contrast, the mechanism for FeOF is 
complicated by the presence of oxygen. For the latter in fact, the reaction with Li+ distorts the 
pristine FeOF rutile structure until the formation of an oxygen-rich intermediate, 
characterized by a poorly ordered rock salt structure similar to α-LiFeO2. At the end of 
discharge LiF, Li2O and Fe are formed, while a fraction of α-LiFeO2 remains unconsumed. 
Upon charge, a poorly ordered, fluoride rich rutile phase (similar to FeF2) is reformed with 
about 30% of the rock salt intermediate α-LiFeO2 still present at the end of the process 34. This 
separation of oxygen and fluorine into two distinct phases, even if very poorly crystalline, has 
been labelled as “anionic partitioning” and the mechanism was also recently confirmed, with 
few differences, for HTB-FeF2.2(OH)0.8-xOx/2x/2 36. In particular, for the bronze structure 
there is no formation of Li2O at the end of the first discharge, while two different disordered 
rutile phases are present at the end of charge. On the other hand, a very recent paper relates 
that it is possible to induce the hexagonal-to-bronze transformation by mechanical treatment 
of FeF3, transforming the electrochemical behavior into the one typical for bronze phases but 
hybridizing the reaction pathway between that of pure FeF3 (LiF/Fe mixture at the end of 
discharge) and that of FeOF (amorphous structures upon charge) 37. 
In order to elucidate the electrochemical behavior of the fluorides studied in this work 
and the differences occurring due to the fluorolytic synthesis employed here, the as-
synthesized FeF3·0.33H2O was submitted to operando Mössbauer spectroscopy. This method 
of analysis allows synchronous collection of Mössbauer spectra during galvanostatic 
measurements of the electroactive material. Changes in oxidation state and local environment 
of Fe atoms can be detected, clarifying the structural evolutions of the material while reaction 
with lithium ions occurs. At the same time, fitting of collected spectra allows the 
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determination of the relative percent of evolving species as well. The study presented hereby 
involved the analysis of one and a half cycle of the FeF3·0.33H2O electrode, namely the first 
and second discharge and the first charge.  
The spectrum of the starting fluoride, recorded at open circuit (0 Li+), is shown in fig. 
3.8. The profile is characterized by an asymmetric doublet centered at around 0.4 mm·s-1 
(table 3.3), due to two Fe atoms bearing different local environments and induced by the 
presence of F, OH and H2O ligands 1,24,38, in good agreement with many reported spectra for 
the HTB hydrated structure 1,12,24,38,39.  
 
Fig.  3.8: Mössbauer spectrum of the pristine fluoride recorded at open circuit. Further spectral data can be found 
in appendix 1. 
 
Table 3.3: room temperature 57Fe Mössbauer hyperfine parameters for the as-synthesized HTB hydroxyfluoride. 
 
ΔQS 
(mm·s-1) 
δ 
(mm·s-1) 
Γ 
(mm·s-1) 
Area 
(%) 
Iron type 
Pristine electrode 
material 
0.51(3) 0.45(1) 0.51(4) 86(4) 
Fe(III), more symmetric 
environment 
1.1(1) 0.31(6) 0.51(4) 14(4) 
More asymmetric Fe 
environment 
 
In figure 3.9 the first discharge and charge profiles (a) as well as the second discharge 
curve (b) for the reference material FeF3·0.33H2O are reported. Each circle on the 
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galvanostatic plot corresponds to a measured Mössbauer spectrum as for the previous image, 
for a total of 105 spectra (selected spectra and corresponding Mössbauer parameters are 
reported in appendix 1). Each spectrum is accumulated for 4h, whereas the material is 
electrochemically tested at a rate of C/50 (defined as 1Li+ exchanged in 50h). This low rate 
allows kinetically slow processes to be evidenced during the analysis.   
 
Fig. 3.9: (a) first galvanostatic cycle and (b) second discharge of FeF3·0.33H2O; evolution of iron species during 
the first discharge (c), the first charge (d) and the second discharge (e). 
In the first discharge profile (fig.3.9-a, bottom curve) two pseudo-plateaus are visible. 
The first one goes from around 3.5V up to around 2.0V, and corresponds to the insertion 
reaction of 1Li+ inside the free channels of FeF3·0.33H2O.  
This reaction leads to the reduction of Fe(III) to Fe(II) and the formation of the 
intercalated specie LiFe(II)F3. It is interesting to notice that this FeF3·0.33H2O is able to 
intercalate up to 1Li+ as for the parent FeF3 compound, and the intercalation is not ending at 
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0.66 Li+, as it should be for a compound where 1/3 of lithium sites are occupied by water 
molecules 17. 
A  similar behavior was already detected by both Duttine et al. 36, in which the thermal 
treatment of hydroxyfluorides reduces the amount of structural water and partially 
dehydroxylates the compounds (thus generating anionic vacancies and undercoordinated Fe in 
the form of  FeX51 with X= OH-, F-, O2-), and Pohl et al. 37, in which the mechanical 
treatment converts the hexagonal FeF3 phase into an anhydrous bronze-type phase. For these 
compounds, the recorded Li+ intercalation overstepped the 0.66 limit as well.  
The evolution of Fe species detected by Mössbauer spectroscopy for the first discharge 
is reported in fig. 3.9-c. Up to the intercalation of 1Li+, the amount of Fe(III) decreases as 
expected for the insertion reaction, since it is reduced to Fe(II), whereas the latter increases. 
However, at the end of the intercalation reaction (fig. 3.9-c, around 1Li+), the amount of 
Fe(II) is 85%, whereas 15% of residual Fe(III) remains, indicating an incomplete reduction of 
the material.  
The second pseudo-plateau goes from around 2V to 1.5V, and is characteristic of the 
conversion reaction the material undergoes. In this manner, up to 2.4 Li+ are reacted with the 
fluoride, which is close to the theoretical 3 lithium to be possibly exchanged. During the 
conversion reaction the iron fluoride structure collapses, and the reaction with lithium leads to 
a network of insulating LiF in which Fe(0) particles are embedded 32. The second part of fig. 
3.9-c from around 1 Li+ on, describes the evolution of Fe species during the conversion 
reaction. Fe(III) is completely reduced while, as expected, the amount of Fe(II) decreases 
rapidly and Fe(0) is formed. At the end of this process (around 2.4 Li+) a residual 40% of 
Fe(II) is still detected, meaning that the conversion reaction is also incomplete.  
The first charge profile is presented in figure 3.9-a, top curve. The corresponding 
behavior of Fe species during this step is reported in fig 3.9-d. In the first part of the 
galvanostatic curve, from 1.5V to 2.3V, the component Fe(0) is oxidized to Fe(II) and, at the 
same time, to Fe(III) as well. This behavior evidences that the reconversion does not proceed 
by simple inversion of the discharge pathways, and the material which reforms is composed 
of one or more phases containing three different coexisting Fe components: Fe(0), Fe(II) and 
Fe(III). 
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A similar behavior was also reported for the rhombohedral FeF3 40, where analogous 
pseudo-plateaux are present and in which different phases evolve and convert one into the 
other (chapter 2, paragraph 2.2.1). 
The first pseudo-plateau of the charging curve goes from 2.3V to 2.9V. During this 
phase Fe(0) is preferentially converted into Fe(II) whereas the amount of Fe(III) remains 
mostly constant, fluctuating around a value of 25%. During this phase around one lithium is 
exchanged. From 2.9V to 4.5V the second pseudo-plateau corresponds to the exchange of 
around one more lithium. During this phase the amount of Fe(0) decreases until it disappears 
completely, whereas Fe(II) is reconverted to Fe(III). At the end of the first discharge, 
however, 10% of Fe(II) is still present, meaning that the reconversion process is not complete. 
From the galvanostatic curve is also possible to detect an irreversible consumption of 0.3Li+. 
Again, the possibility to enhance the process of reconversion increasing the voltage is not 
advised, due to electrolyte instabilities.  
Figure 3.9-b presents the complete galvanostatic curve, in which the second discharge is 
reported. Here as well, each circle corresponds to a measured Mössbauer spectrum in 
operando mode. The first part of the curve between 4.5V and 3.5V presents a straight 
segment, due to the inertia of the material to start the discharge reaction when the current is 
reversed. A pseudo-plateau exists between 3.5V and 2V, similarly for the first discharge, and 
it corresponds to the Li+ insertion in the HTB structure. Compared to the first discharge, the 
second one occurs at higher potential (∆U ~ 3V). This behavior could be explained by the 
anionic partitioning taking place at the end of the first discharge as mentioned above. In fact, 
the separation of oxygen and fluorine during this process is accompanied by a drastic 
modification of the microstructure resulting in crystalline domains so small that the material 
is effectively amorphous. This extreme nanostructuration, enhances the diffusivity of lithium 
ions through the material, decreasing the polarization and facilitating the electrochemical 
reaction, which can take place at higher potential values. In fig. 3.9-e the evolution of the Fe 
components during the second insertion process is reported. At the end of the second 
intercalation (fig. 3.9-e), only 40% of Fe(III) is reduced to Fe(II), whereas it was 85% during 
the first discharge. This is due on the one hand to the partial irreversibility of the conversion 
reaction, which consumes 10% of Fe(III) and, on the other hand, to the fact that the material 
which is reacting during the second discharge is different from the starting one, as it has 
evolved during the first steps of the electrochemical processes.  
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Below 2V the slope of the galvanostatic curve changes drastically (fig. 3.9-b), 
indicating that the conversion reaction is taking place. Compared to the first discharge, in 
which the amount of reacted lithium reached a value of 2.4 at 1.5V, in the second one, 2.1 Li+ 
are exchanged at the same potential value. Only after decreasing the voltage down to 1.2 the 
material is able to exchange the same 2.4 Li+. This trend is also visible in the relative 
contributions of Fe recorded at 1.5V (fig. 3.9-e). The values of Fe components are mostly 
inversed compared to the first discharge: Fe(III) is just completely reduced whereas 60% of 
Fe(II) is still present as well as 40% of Fe(0). To reach the same Fe composition recorded at 
1.5V at the end of the first discharge, the material submitted to the second discharge has to 
react up to 1V, while an almost complete conversion is achieved going below 1V (fig. 3.9-e). 
However, as already mentioned, this potential values are only used to study the behavior of 
the material and are too low for a conventional analysis. On the galvanostatic curve of the 
second discharge (fig. 3.9-b), the last Mössbauer spectrum collected corresponds to 4.0 
exchanged Li+. This value exceeds the 3 e- associated to the reaction between lithium and the 
fluoride and is likely due to side reactions, such as the SEI layer formation41.   
  
3.4.2.1. Evolution of the three different Fe(II) components generated during 
cycling. 
A really interesting point that the Mössbauer study evidenced, is the coexistence of 
three different Fe(II) species which form during the electrochemical process. The orange and 
green lines evolving in fig. 3.10-a, -b and -c represent respectively Fe(II) in an HTB and an 
amorphous rutile-like structure. The blue one is still controversial, since the isomer shift value 
(1.1 mm s-1) confirms the presence of divalent iron, but the quadrupole splitting (0.70 mm s-1) 
is closer to what is reported in literature as a Fe(III) and Fe(0) element 42. However, the latter 
is a minor fraction and Fe(II)-1 and Fe(II)-2 are predominant. As depicted by the plot related 
to the first discharge (fig. 3.10-a), Fe(II)-2 is detected in a second time compared to Fe(II)-1. 
Li-ions are first inserted in the HTB tunneled structure. Relatively early during the insertion 
reaction (around 0.4 Li+ inserted) the bronze starts to collapse originating a distorted low-
range ordered rutile-like phase, the latter being close to FeF2 36. Fe(II)-1 starts to decrease 
after the intercalation of around 0.7Li+ while the amorphization into the rutile-like phase 
occurs and Fe(II)-2 peaks when around 1.5 Li-ions are intercalated, corresponding to the 
conversion reaction region. This behavior indicates that at the beginning of the conversion 
71 
 
reaction 4 components are still coexisting: Fe(III) which is not fully consumed, along with 
Fe(0) which start to be formed, and the three divalent components whose evolution is in 
progress. At the end of discharge, almost all the HTB Fe(II) is consumed, whereas around 
20% of rutile-like Fe(II) is still present. 
 
Fig.  3.10: relative amount and evolution of the three Fe(II) species detected during the in-situ operando 
Mössbauer study in discharge (a), charge (b) and second discharge (c). For clarity the galvanostatic cycles are 
reported again (a and b). 
During charge (fig. 3.10-b) the process is inversed and Fe(II)-2, that regenerates first, is 
then converted into Fe(II)-1 instead of being directly oxidized to Fe(III). During the first 
cycle, the material undergoes an evolution of phases that cyclically transforms one into the 
other (HTB to rutile-like and vice versa). At the end of charge, Fe(II)-2  and Fe(II)-3 are 
completely consumed, while a small amount of Fe(II)-1 is still present. During the second 
discharge (fig. 3.10-c), the trend mirrors what has been already described for the first 
discharge, with the evident exception that a greater amount of Fe(II)-2 is formed compared to 
Fe(II)-1. This is mostly due to: (a) (in discharge) the different kinetics of conversion into 
Fe(0) + LiF exhibited by the HTB and the rutile-like phases, the conversion of the latter being 
unfavored compared to HTB-Fe(II), as depicted by the residual 20% of Fe(II)-2 in fig. 3.10-a; 
(b) (in charge) the lower kinetic of reconversion from LiF + Fe(0) to HTB-Fe(II) compared to 
Fe(II)-2, which is instead favored and reforms first, as depicted by plot -b. So, during the 
whole electrochemical process, fractions of HTB-Fe(II) transformed into Fe(II)-2 are hardly 
converted in LiF+Fe(0) or reconverted back to HTB-Fe(II), until all the HTB phase is 
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consumed. This is in accordance with the electrochemical curves reported in fig. 3.6-b, where 
after around ten cycles the conversion plateau disappears. Therefore the decreased amount of 
HTB-Fe(II) shown by panel -c indicates the tendency of the fluoride to gradually transform 
into a different phase (low-range ordered rutile-like) all along the process. 
Unlike the first discharge, a lower rate of the process is evidenced during the second 
discharge, where at 1.5V a greater amount of Fe(II) is still present and needs lower potential 
values to be almost completely consumed. 
 
3.4.3. An operando XRD study of the iron fluoride/GO composite.  
The operando Mössbauer analysis evidenced interesting points on the mechanism 
influencing the electrochemical behavior of FeF3·0.33H2O. In order to further identify 
structural changes on the active material, one and a half cycle recorded at C/20 of the iron 
fluoride/GO composite was studied by an operando in-situ XRD analysis. As for the 
Mössbauer measurements, the composite is cycled at relatively low rate allowing a good 
compromise between electrochemical kinetics and diffractogram recording times. The 46 
diffractograms distributed among first and second discharge and first charge are presented in 
fig. 3.11 and define the phase evolution the composite undergoes. At open circuit (first line 
from the top), the most intense reflections of the fluoride are visible, with the 100% peak 
positioned at 2θ=27.8°. With the discharge, it is possible to detect a shift of the peaks to lower 
angles, accounting for the expansion of the channels induced by the insertion of Li-ions. 
These reflections, however, decrease until only broad signals are detectable at the end of 
discharge, sign that the conversion occurred as well as the material collapse. This event is in 
agreement with previous results reported for the Mossbauer analyses. As already said, the 
conversion at the end of the first discharge is not complete, and around 40% of Fe(II) species 
are still present. Having a look at fig. 3.10-a is possible to detect that the major residual Fe(II) 
component is that belonging to the distorted, very-low-range-ordered rutile-like phase, which 
is in perfect agreement with the amorphous pattern recorded at the end of the first discharge.   
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Fig.  3.11: full range of operando XRD measurements. Red diffractograms mark the last recorded point for the 
first discharge and the charge respectively. A guide to the eye has been positioned in order to observe the 
evolution of the most intense reflection (220). 
When the current is inversed and the material is submitted to charge, Li-ions are 
extracted from the composite and a reconversion back to the initial HTB-iron fluoride should 
occur. Instead of this, the recorded diffractograms show only a very limited regeneration of 
the initial bronze structure, and at the end of charge only weak signals in the range 
22°<2θ<29° are visible. As a matter of fact, at this stage only 10% of Fe(II) belonging to the 
HTB phase is detected (fig. 3.10-b). 
Unlike the first, the second discharge starts with a working material which has lost most 
of its order, and is a mixture of HTB and amorphous phases. Again, a shift of visible peaks 
occurs during the intercalation reaction, and at the end of second discharge the material is 
completely collapsed. After consideration of the Fe(II) components trend shown in fig. 3.10-c, 
it is possible to affirm that the iron fluoride is mostly transforming into an amorphous rutile-
like phase. 
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3.4.4. Effect of the first discharge depth on the electrochemical performance 
of the prolonged cycled iron fluoride/GO composite.  
Further electrochemical studies on the iron fluoride/GO composite were performed and 
inspired by the findings of Dambournet et al. 36. The authors investigated the effect of the first 
discharge depth on iron-based hydroxyfluorides, revealing a slight enhancement of delivered 
capacity and reduced reaction potentials recorded from the first to the second cycle. 
A similar approach was applied to the iron fluoride/GO composite studied herein. 
However, the investigation proposed here interested a larger amount of cycles compared to 
the published study. Two electrodes of the composite were submitted to a different first 
discharge potential depth, then cycled in the same potential region for up to 55 cycles, and 
submitted to different sequential C rates (C/10, C/5, C/2, C and back to C/10).  
 
Fig.  3.12: normalized Li+ content for the cycles 45 to 55 when the composite is cycled after a first discharge 
down to 1.6 V (red curve) or down to 1 V (black curve). 
In fig. 3.12, the red curve belongs to the composite when first discharge is brought 
down to 1.6 V in, whereas the black line corresponds to the material when first discharge is 
protracted down to 1 V. As depicted in the figure, after 55 cycles the materials are still able to 
sustain prolonged cycling, and it is visible how the electrode cycled down to 1 V has gained 
around 0.1 Li+ (~20 mAhg-1) with what can be considered a preliminary treatment. This result 
can be explained taking into account the information obtained from the in-situ measurements. 
It is now known that the initial HTB phase collapses and transforms gradually into an 
amorphous (probably more) active material, so it is possible to imagine that going down to 
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reasonably lower potentials allows the fluoride to maximize the degree of conversion into the 
amorphous active phase and, thus, improve the electrochemical performance. 
 
3.5. Conclusions. 
The study reported here, evidenced the possibility to adopt simple and soft solution 
routes for the synthesis of the electroactive GO-based iron fluoride composite material. A 
simple and known fluorolitic sol-gel approach in presence of the carbonaceous support was 
used for the synthesis of FeF3·3H2O/GO. XRD analysis evidenced the influence the presence 
of GO had on the hydration degree of the electroactive material, which dehydrated into 
FeF3·0.33H2O/GO during electrode casting. XRD and TEM analyses also revealed 
remarkable differences between the supported and unsupported iron fluoride in terms of 
degree of crystallinity and morphology. FT-IR measurements detected the presence of 
structural -OH modes in the regions 3700 and 800-1200 cm-1. Under galvanostatic analysis 
and prolonged cycling, the composite demonstrated remarkable electrochemical performance 
and stability, delivering capacities as high as 696 mAh g-1 during the first discharge, close to 
the theoretical values, and 150 mAh g-1 after having sustained more than 50 cycles at different 
C rates. Deeper investigations to gain insight into the mechanisms involved in the reaction 
with lithium were performed by means of operando analytical methods. Mössbauer 
spectroscopy was coupled with galvanostatic measurements, allowing the detection of Fe 
species evolution during the electrochemical reactions. The study demonstrated that the 
insertion and conversion processes are dominated by the transformation of the HTB initial 
structure into a globally amorphous material, whose local arrangement mimic a rutile phase. 
Moreover, the conversion reaction does not proceed to completion, with around 40% of 
residual Fe(II) remaining unconverted, half of which belongs to the newly formed amorphous 
phase. In charge, the material undergoes only a partial reconversion to the bronze phase, 
whereas part of the compound still works in the amorphous state. Divalent and trivalent iron 
form simultaneously at the very beginning of the charge, and rutile-like-Fe(II) firstly 
transforms into HTB-Fe(II) before oxidation to Fe(III). A slow-down of the process is 
registered during the second discharge, and a potential below 1 V is necessary to reach almost 
full conversion. The mechanisms of mutual conversion lead to a material where the 
amorphous part increases against the bronze phase, which is gradually consumed. As a result 
the conversion plateau, characteristic of the HTB phase, disappears during the first tenth 
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cycles. Interestingly, no change of reaction potentials were recorded with the change of phase. 
Operando XRD measurement was in accordance with the results obtained by Mössbauer, 
evidencing the gradual transformation of the starting bronze into an amorphous electroactive 
compound. Finally, the study of the first discharge depth effect on the whole electrochemical 
performance suggested that the application of a reasonably low discharging potential to the 
material allows the conversion of the larger possible amount of starting fluoride into the 
amorphous electroactive phase, resulting beneficial for the electrochemical process.  
 
3.6. Perspective work. 
Parallel to the Mössbauer study, a second investigation was started, in order to get 
further insights on the behavior of the as synthesized iron fluoride. Taking advantage of both 
Cr emission in the UV-Visible spectrum and the possibility to substitute the metal element in 
different fluoride compounds 43–48, doping of HTB iron fluoride with chromium and 
production of electrodes were undertaken, in order to perform an ex-situ study of the 
transition zone between the insertion and the conversion reactions. Variation in emission 
spectra of various doped electrodes, submitted to different stages of galvanostatic cycling, 
should be relatable to the various moments when the crystalline structure starts to be disrupted 
and the conversion reaction is activated in its entirety.  
Synthesis conditions for the doped fluoride were modified according to the necessity of 
increasing the crystallinity of doped samples, thus MeOH was replaced by BnOH and 
reactions carried out at 100°C. Crystalline Cr-doped HTB-iron fluorides were obtained and 
emission of both Cr-doped iron fluoride and Cr-doped iron fluoride-based working electrodes 
tested. This work is, however, still in progress due to the reabsorption, caused by the presence 
of carbon black, of Cr signals from electrodes, whose detection is crucial for the ex-situ study 
of iron fluoride structural changes occurring during the electrochemical reaction. Moreover, 
the small amount of fluoride present in each electrode (typically between 3 and 5 mg of active 
material) constitutes with all probability a further limitation. Additive free and powder 
electrodes (like in the case of the operando experiments) have then to be privileged for such 
measurements. Additionally, careful attention has to be paid to the synthesis of sufficient 
amounts of the doped powder, which will be required using all-powder electrodes, and to the 
electrochemical tests, which have a high chance of being performed at slow and very slow C-
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rates. In order to improve such aspects on electrodes to be submitted to UV-vis analysis, 
further studies are still needed. Preliminary results are shown in appendix 2. 
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Chapter 4 
Iron fluorides: synthesis, characterizations and 
discussion of FeF3∙0.33H2O- and Na3FeF6- carbon-based 
composites using the microwave-assisted benzyl alcohol 
route 
 
 
 
4.1. Brief introduction. 
In this chapter the possibility to extend the microwave-assisted benzyl alcohol route for 
the synthesis of iron fluorides is presented. The aim of this work was to transfer the synthesis 
of FeF3·0.33H2O xerogel, obtained by fluorolysis in MeOH at RT and discussed in the previous 
chapter, to the microwave-assisted benzyl alcohol route, in order to produce nanocrystalline 
FeF3·0.33H2O, both unsupported and as carbon-based composites. 
Nanosizing of electrochemically active materials, along with their association with 
carbon substrates is generally crucial to overcome intrinsic limitations such as poor electronic 
conductivity and structure instability. Nanosizing reduces Li-ions and electrons diffusion 
pathway toward the electrolyte, while carbon substrates support the electrochemical process 
acting as conductive enhancers, stabilizers and presenting a protecting role toward particles, as 
discussed previously (chapter 1, paragraph 1.3 and 1.4). For that reason, the production of 
electrochemically active FeF3·0.33H2O nanoparticles first, followed by their deposition onto 
conductive carbon supports such as reduced graphene oxide (RGO) and partially oxidized 
carbon black super C (ox-CB), assisted by microwave irradiation in benzyl alcohol was tested 
and studied.  
A second issue that this chapter deals with, is the production of structures already 
containing the active ion, which are essential for safety reasons concerning metallic anodes 
such as Li and Na, and necessary with the today battery technology based on insertion anodes 
(chapter 1, section 1.1 and 1.2). Therefore, after the production of FeF3·0.33H2O composites, 
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the attention was pointed on the synthesis of sodium-containing fluorides such as Na3FeF6-
based composites.  
The chapter will be then divided into two parts: the first one  describing the optimization 
of the procedure to obtain nanosized FeF3·0.33H2O and its carbon-based composites (part A); 
the second one reporting on the synthesis of Na-containing fluorides and nanocomposites (part 
B).  
 
4.2. Part A: FeF3∙0.33H2O and FeF3∙0.33H2O /RGO and /ox-CB 
nanocomposites. 
 
4.2.1. Extension of the microwave-assisted benzyl alcohol route to the 
synthesis of FeF3∙0.33H2O and FeF3∙0.33H2O-based nanocomposite materials 
using RGO and oxidized CB. 
Unlike the reference fluoride obtained by a 18h-lasting RT fluorolysis in MeOH, the 
synthesis of FeF3∙0.33H2O in BnOH involved a two step reaction. At first, the production of a 
material precursor suspended in BnOH, and obtained by a RT fluorolysis of iron compounds, 
then the microwave treatment of the suspension at the chosen temperature.   
The precursor Fe(NO3)3·9H2O was firstly dehydrated to Fe(OH)x(NO3)3-x(H2O)y1, and  
then dissolved in benzyl alcohol to react with concentrated anhydrous HF in MeOH. Several 
tests evaluated the best compromise between fluorolytic process and microwave treatment 
times and are summarized in table 4.1.  
From these tests it was possible to determinate the influence the fluorolysis and the 
microwave irradiation time had on samples. A long fluorolysis reaction time (18h) in BnOH 
produced a mixture of polydisperse aggregates and particles with 30 nm mean diameter, 
whereas the same procedure adopting MeOH as solvent and discussed in the previous chapter 
for the synthesis of the reference FeF3∙0.33H2O xerogel 2, only produced polydisperse 
aggregates. A direct microwave treatment of the obtained suspension in BnOH produced a 
rearrangement of heterogeneous aggregates in pseudo-spherical particles, whose diameter
Table 4.1: features of selected samples synthesized after different fluorolytic reaction and MW irradiation times. Comparison with the reference FeF3·0.33H2O (F0) obtained 
in MeOH at RT (see appendix 3 for particles size distributions).  
RT fluorolysis 
time (h) 
Solvent 
Phase after 
fluorolysis 
TEM morphology after fluorolysis 
MW time 
(min) 
Phase after MW 
irradiation 
TEM morphology after MW irradiation 
18 2 (F0) MeOH FeF3·0.33H2O Heterogeneous, polydisperse aggregates (a) - - - 
18 (F4) BnOH FeF3·0.33H2O 
Heterogeneous, polydisperse aggregates. 
Presence of pseudo-spherical primary 
particles (26 nm) (b) 
3  
(F4m3) 
FeF3·0.33H2O 
Spherical aggregates (250<d<550nm). 
Pseudo-spherical primary particles (51 nm) 
10 
(F4m10) 
Spherical aggregates (0.45<d<2µm). 
Pseudo-spherical primary particles (62 nm) 
(c) 
20 
(F4m20) 
Spherical aggregates (0.26<d<1.2µm). 
Pseudo-spherical primary particles (76 nm) 
30 
(F4m30) 
Spherical aggregates (0.16<d<0.77µm). 
Pseudo-spherical primary particles (80 nm) 
1 (F5) BnOH Mix of hydrates Heterogeneous, polydisperse aggregates (d) 
5  
(F5m5) 
FeF3·0.33H2O 
Pseudo-spherical coagulated particles      
(28 nm) 
10 
(F5m10) 
Pseudo-squared particles (25 nm) (e) 
15 
(F5m15) 
Pseudo-squared particles (29 nm) 
 
Fig.  4.1: Representative TEM images of selected samples in table 4.1 
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increased with extended irradiation time. Particles aggregated in uniform but polydisperse 
spherical agglomerates.  
In contrast, a very short fluorolysis reaction time (1h) produced aggregates of very small 
nanoparticles, which transformed into pseudo-spherical/squared ones after microwave 
irradiation. For a short fluorolytic reaction time, increasing irradiation time from 5 to 15 minutes 
had no evident effect on particles dimensionality, which was around 30 nm for all the samples. 
Narrower distributions were found using this procedure, and aggregation of particles was also 
limited. 
Aiming at the production of well defined and small nanoparticles in short times, and 
following these findings, the fluorolysis was then carried out for 1h and produced a suspension 
containing a mixture of differently hydrated forms of FeF3, which crystallized into 
FeF3∙0.33H2O nanocrystals after a microwave treatment at 150°C for 10 minutes. Reaction 
temperature was chosen according to literature 3, whereas 10 minute irradiation was selected as 
a good compromise among defined morphology, narrower size distribution and reasonably 
short reaction time (table 4.1).   
FeF3∙0.33H2O /RGO and /ox-CB composites were obtained by microwave treatment in 
BnOH of the presynthesized FeF3∙0.33H2O nanoparticles in presence of the different 
carbonaceous supports, using the above mentioned reaction conditions.  
RGO is a derivative of graphene oxide (GO), a 2D carbon-based nanomaterial obtained 
from oxidation of graphite flakes 4–6. RGO was produced by microwave-assisted reduction of 
GO in benzyl alcohol 7. The reduction is necessary to partially remove epoxy, carboxyl and 
hydroxyl groups present at the surface of the GO layers 8, in order to enhance the conductive 
properties 9. At the same time, the presence of residual functional groups allows the 
establishment of support-particle interactions and the deposition of particles onto RGO sheets.  
 Herein, the use of RGO instead of GO was necessary to maintain the low hydration 
degree of the fluoride. In chapter 3, the presence of GO in the reaction medium led to the 
production of the higher hydrated form FeF3∙3H2O-based GO composite, which was further 
dehydrated to FeF3∙0.33H2O/GO during electrode casting. In order to maintain the preformed 
low hydrated phase, a reduction of oxygen containing functionalities and water belonging to 
GO is needed. Therefore graphene oxide obtained from a modified Hummers method 6,10 was 
microwave irradiated at 190°C for 20 minutes in presence of BnOH. The latter, which generally 
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acts as solvent, ligand and reactant 11, is used herein as a reducing agent 7, allowing the partial 
reduction of GO without any further treatment 12,13. Carbon black super C is a conventional 
conductive additive used for electrode casting 14. Since CB is mostly obtained through 
combustion methods, residual functional groups on the surface of carbon particles are scarce 
and thus an oxidative treatment with HNO3 15 was preferred in order to increase the amount of 
oxygenated functional groups 16–19 and enhance the interaction with the active material. Iron 
fluoride was then deposited onto these two carbon-based materials by means of microwave 
irradiation, in order to obtain composites with enanced electroactivity induced by the interaction 
with the conductive agent. 
 
4.2.2. Structural and morphological characterizations.  
4.2.2.1. XRD, TEM and FT-IR measurements of FeF3∙0.33H2O prepared by 
the microwave assisted BnOH route. 
The application of the microwave assisted benzyl alcohol route to the fluorolytic sol-gel 
synthesis of iron trifluorides, allowed the shift from the production of a xerogel (chapter 3) to 
the synthesis of nanosized particles. As-synthesized nanocrystals were submitted to X-Ray 
investigation (fig. 4.2-b, product F5m10) and the phase was compared with that of the precursor 
compound produced after 1h of fluorolytic reaction (fig. 4.2-a, product F5). In diffractogram 
(a) reflections of a mixture of differently hydrated forms of iron trifluoride are present. By 
comparison with published data, three fractions composing product F5 can be distinguished, 
namely β-FeF3∙3H2O, FeF3∙0.5H2O and FeF3∙0.33H2O. Peaks are sharp and narrow, implying 
the formation of well crystallized products. However, by comparison of the 100% peak 
intensities, the amount of these three fraction is different, and the target FeF3∙0.33H2O results 
in lower amount compared to the higher hydrated components. 
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Fig.  4.2: XRD pattern of (a) mixture of phases present in the reaction medium after 1h fluorolysis (F5) and (b) 
FeF3∙0.33H2O (F5m10) obtained after MW irradiation of F5. Bars correspond to: black - FeF3∙0.33H2O 20, red - β-
FeF3∙3H2O 21, blue - FeF3∙0.5H2O22. 
Diffractogram (b) shows reflection of the product F5m10, obtained after microwave 
irradiation of the as-synthesized suspension F5. As visible, only peaks belonging to a well 
crystallized FeF3∙0.33H2O phase are detected. The formation of FeF3∙0.33H2O with no 
impurities after MW irradiation of the suspension is likely due to a structural rearrangement the 
thermal treatment induces on the preformed materials, implying also a redistribution of water 
in the structure, as experienced by other authors 23,24. However, it is possible to hypotyze that 
during MW irradiation a dissolution-recrystallization process, occurring on the preformed 
phases, preferentially feeds the growth of FeF3∙0.33H2O. A similar effect was already seen by 
other authors for different materials 25,26.   
In figure 4.3 the morphological investigation of the iron trifluorides obtained before and 
after microwave irradiation is reported. Image (a) belongs to product F5, which was specifically 
precipitated and purified by centrifugation for the analysis. As expected from precipitation of 
the suspension, very small and aggregated particles are detected.   
 
Fig.  4.3: TEM images of (a) product F5 obtained after 1h of fluorolytic reaction in BnOH; (b) product F5m10 
obtained after microwave irradiation of the suspension F5; (c) SAED and (d) particles distribution of (b). 
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Picture (b) identifies the morphology of the FeF3∙0.33H2O phase (F5m10). The 
microwave irradiation on product F5, not only induces the previously described phase 
rearrangement from a mixture of hydrated iron trifluoride to pure FeF3∙0.33H2O (see X-ray 
diffractions in fig. 4.2), but also promote the formation of pseudo-squared nanoparticles of 25 
nm in diameter (b and d). Formation of a phase pure product is also confirmed by SAED 
analysis, where only characteristic planes of the low hydrated iron trifluoride are detectable (c). 
In order to investigate the presence of specific functional groups, an infrared spectrum 
was recorded on sample F5m10 and is reported in fig. 4.4.  
 
Fig.  4.4: FT-IR spectrum of the FeF3∙0.33H2O phase (F5m10). 
The spectrum is comparable with that of FeF3∙0.33H2O synthesized at room temperature 
in MeOH (F0, chapter 3). However, signals belonging to -OH groups are more pronounced 
here. The broad signal centered at 3340 cm-1 derives from the presence of hydrogen bonded       
-OH groups, whereas stretching of free -OH modes generate the peak at 3627 cm-1. The 
vibration at 1615 cm-1 is attributed to structural water, while bending signal of hydroxyl groups 
is located at 1111 cm-1  27. Structural iron fluoride octahedra give rise to a strong signal placed 
at around 500 cm-1 28. 
 
4.2.2.2. FT-IR and Raman characterizations of RGO and oxidized CB. 
Aiming to employ comparable additives presenting similar surface composition to be 
used as conductive support for the electroactive materials, CB and GO were respectively 
oxidized and reduced to ox-CB and RGO, employing reported procedures 6,10,15, as explained 
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above. Hereby a description of the treated carbons is reported by means of Raman and IR 
analyses. Identification of the functionalities present at the surface of both carbon types was 
performed by infrared analysis. In Fig. 4.5 (i) FT-IR spectra of RGO (a) and oxidized CB (b) 
are reported. As shown by infrared data, the surface of RGO and ox-CB presents functionalities 
of the same nature. For both compounds stretching of carboxylic C=O (1727 cm-1) and 
carboxylic O-H groups (1455 cm-1), as well as deformations belonging to C-O originated from 
epoxy (1200 cm-1) and carboxylic (1063 cm-1) moieties are found 15,29,30. The band at 1380     
cm-1 can be attributed to phenolic hydroxyl groups 15. Differences such as the presence of a 
band at 1614 cm-1, attributable to stretching of sp2 systems (C=O or C=C) 31,32 or quinones 15, 
and the apparent absence of the C=C signal (1566 cm-1) in the ox-CB spectrum, which is 
probably masked by an overlapping with the vibration at 1614 cm-1, are detected. Moreover, 
the broad signal at around 3500 cm-1 present in the spectrum of ox-CB, is weaker for the RGO 
compound and is likely the result of the reducing treatment with BnOH leading to less 
hydrophilic layers. 
 
Fig.  4.5: FT-IR spectra of (i-a) RGO and (i-b) ox-CB super C. Raman spectra of (ii) RGO and (iii) ox-CB. 
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Raman values calculated from fitting of recorded spectra (fig. 4.5 (ii) and (iii)) are 
presented in table 4.2. Manual baseline correction and Lorentzian and Breit-Wigner-Fano 
(BWF) functions were used to fit the spectra and to detect the position and intensity of the 
bands, as suggested by Tai et al. 33. 
Both the spectra show characteristic signals of carbonaceous materials, usually centered 
at around 1600 cm-1 and 1350 cm-1 (at 2.41eV laser excitation 34). These modes are defined as 
the G and D peaks respectively. The D mode is related to discontinuities of the graphitic lattice35 
or defects such as the presence of sp3 areas 36, changes in the number of members of the basic 
hexagonal rings or edge defects 34. The G band is a common feature for all sp2 carbon materials 
and arises from the stretching of the in-plane C-C bond, occurring, for instance, when the bond 
angle or length of carbon systems are perturbed 37. These defects or perturbations are usually 
quantified by the ratio of the D–to-G band intensities, ID/IG 38,39. 
The degree of disorder associated to RGO and ox-CB was then estimated evaluating the 
ratio between the intensities relative to the D and G band (ID/IG). Similar values were detected 
indicating that the two supports show a similar degree of perturbation. Considering the 
similarities in terms of nature of functionalities present at the surface, as well as the degree of 
disorder, RGO and ox-CB were considered comparable. 
Table 4.2: D and G band characteristic values for RGO and the oxidized CB Super C (ox-CB). The fit was 
performed using the peak fitting software Fityk. Legend: ω = Raman shift, ID/IG = ratio of D and G band intensities. 
Carbon source ωD   (cm-1) ωG  (cm-1) ID/IG 
RGO 1343.9 1591.4 0.96 
ox-CB 1340.4 1588.6 1.04 
 
 
4.2.2.3. Structural and morphological characterization of RGO- and ox-CB- 
based FeF3∙0.33H2O nanocomposites. 
FeF3∙0.33H2O /RGO and /ox-CB nanocomposites were obtained by microwave treatment 
in BnOH of presynthesized FeF3∙0.33H2O nanoparticles in presence of the different carbon 
supports. 
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For these composites, the XRD patterns (fig. 4.6 i (a) and (b)) show that, after 
deposition, only pure phases of the materials are obtained, with no impurities visible nor further 
effects on hydration degree introduced by the presence of carbon. Moreover, the final 
composites have very similar lattice parameters and particle sizes, which facilitate a direct 
comparison between each sample (see table 4.3). 
 
Fig.  4.6: XRD patterns recorded for (i-a) FeF3∙0.33H2O/RGO and (i-b) FeF3∙0.33H2O/ox-CB Super C 
nanocomposites. FT-IR spectra of (ii-a) FeF3∙0.33H2O/ox-CB Super C and (ii-b) FeF3∙0.33H2O/RGO. 
 
Table 4.3: crystallographic parameters for the studied trifluoride composites (space group Cmcm) and relative 
carbon contents estimated by elemental analysis. 
Sample a (pm) b (pm) c (pm) 
Crystallite 
sizes (nm) 
Carbon 
content (wt%) 
JCPDS 76-1262 742.3 1273.0 752.6 / / 
FeF3·0.33H2O 738.7(2) 1277.7(4) 751.2(1) 17.4 2 
FeF3·0.33H2O/RGO 737.1(2) 1281.6(3) 751.4(1) 19.0 23 
FeF3·0.33H2O/ox-CB 737.0(1) 1281.7(2) 751.8(1) 19.5 30 
 
FT-IR spectroscopy was used to gain information about the presence and nature of 
functional groups (fig. 4.6 ii). The broad signals peaking at 3400 and 3200 cm-1 respectively 
for both ox-CB (a) and RGO (b) composites derive from the stretching of hydrogen bonded -
OH groups, whereas free –OH modes generate sharper peaks at 3620 cm-1. The vibration at 
1620 cm-1 is attributed to the presence of structural water of fluorides 27,40, however, this mode 
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is also reported as belonging to sp2 C-C interactions 29,41. Stretching of the carbonyl signal at 
1730 cm-1 is only characteristic of the RGO-based compound, as well as the mode of sp2 C-C 
at 1580 cm-1 29,41. Stretching of carboxylic -OH groups generate the vibration at 1430 cm-1, 
whereas C-O vibrations of hydroxyl and epoxy groups are present in the region 1300-800 29,32, 
as well as structural hydroxides of fluorides that produce signals at 1100 cm-1 27. Inorganic 
[FeF6] octahedra give rise to a strong peak placed at around 500 cm-1 28. No specific C-F 
inrteractions (covalent or physical) are visible in the range 1300-1000 cm-1 42–44 but they could 
also be masked by overlapping with more intense signals. However, it should be considered 
that the material contains -OH groups substituting F atoms, therefore, considering the existence 
of signals of C-O type in the spectra, a C-O interaction between material and support can’t be 
completely excluded. 
TEM images of FeF3·0.33H2O composites were collected to identify any difference in 
terms of distribution and aggregation of particles. As shown in fig. 4.7 (a), fluoride particles 
tend to aggregate but are uniformly distributed onto RGO carbon sheets. Fig. 4.7 (d) shows 
instead the presence of pseudo-spherical aggregates (darker regions) mainly formed by 
FeF3·0.33H2O, and disposed onto a particulate bed of ox-CB (further images are reported in 
appendix). SAED confirmed the retention of the pure phase ((b) and (e)) after deposition on 
carbons with no planes associated to higher hydrated phases.  
 
Fig. 4.7: TEM pictures of (a) FeF3·0.33H2O/RGO and (b) SAED, (c) size distribution of FeF3·0.33H2O for the 
RGO composite, (d) TEM pictures of FeF3·0.33H2O/ox-CB and (e) SAED, (f) size distribution of FeF3·0.33H2O 
for the ox-CB composite. 
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For both composites fluoride particles show similar pseudo-spherical morphology and 
particles size of 40 nm after irradiation. An increase of around 10 nm is evidenced compared to 
the starting fluoride (fig. 4.3 (d) and 4.7 (c) and (f)). This may be due to the second microwave 
treatment which could dissolve smaller particles in favor of bigger ones. 
Ox-CB presents similar dimensions and morphology than fluoride particles and their 
distinction can be difficult. In order to better evaluate the distribution of fluoride particles onto 
the carbon support, EDX TEM mapping (Fe, F and C) was further performed on 
FeF3·0.33H2O/ox-CB. From the mapped region reported in fig. 4.8 (from (a) to (d)), a 
segregation between both carbon support and active material is visible. Particles assemble into 
aggregates where both phases are present. Evidence of this distribution is given by the SAED 
of a sigle aggregate of the composite (fig. 4.8 (e) and inset), in which a limited number of spots 
belonging to fluoride diffraction along with circles of amorphous carbon are visible. However, 
it is still unknown at this stage if this tendency would be extended to the whole material or just 
to a limited number of aggregates. 
 
Fig. 4.8: (From a to d) TEM image and EDX mapping of  FeF3·0.33H2O/ox-CB. Bars correspond to 100 nm. Red: 
carbon, blue: iron and green: fluorine. (e) SAED of a single aggregate of the composite and corresponding TEM 
image (inset). Rings have been inserted as a guide to the eye, due to the limited number of diffraction points.  
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4.2.3. Electrochemistry of FeF3∙0.33H2O and FeF3∙0.33H2O-based 
nanocomposites: galvanostatic and PITT analyses. 
After structural and morphological characterizations, the two composites were submitted 
to electrochemical analyses. The first and the last galvanostatic cycles are reported in figure 4.9 
(a) and (b) respectively, and cycling is performed at the same C rate to facilitate comparisons 
between the composites. A prolonged cycling behavior at different discharge rates is reported 
in figure 4.9 (c). During the first discharge both bare FeF3·0.33H2O and FeF3·0.33H2O/ox-CB 
electrodes delivered around 90 mAh·g-1, while the RGO-based composite reached 260 mAh·g-
1. From comparison of these data, is evident that the RGO-based composite is able to provide 
the best performance among the tested materials, even with a lower estimated carbon content 
(table 4.3) respect to the ox-CB -based composite (the 10% of carbon added during the casting 
of the electrodes is not included). This difference may be due to the diverse nature of the two 
carbon supports (layers vs particles), and the consequent differencies in conduction properties 
of the two. In fact, RGO layers present a honeycomb structure, where areas of sp2 carbons and 
resonant double bonds are present, allowing for a better percolation of electrons. In contrast, 
ox-CB spheroids are better suited to fill the gaps and interstices between two electroactive 
particles. Further differencies could arise from the diverse particles distribution homogeneity 
and formation of aggregates, which could promote or reduce the interaction with the support, 
affecting the electrochemical performance.  
The 260 mAh·g-1 the RGO composite can reach represents 1.7 times the theoretical 
capacity of FeF3·0.33H2O. The 0.33-hydrated trifluoride behaves like a pure intercalation 
material and a maximum of 0.66 lithium ions can be inserted in the structure in the potential 
window 4.5-1.6 V vs Li+/Li0 45. This peculiarity limits the theoretical capacity to 150 mAh·g-1. 
The overcapacity is thus due to the occurrence of the conversion reaction, as described for the 
anhydrous FeF3 (plateau at around 1.6V vs Li+/Li, see Equation 2) 46, meaning that the tested 
phase presents an intermediate behavior between the anhydrous and the partially hydrated 
fluoride. The appearance of conversion reactions in hydrated phases has been observed by 
different authors 47–49, but the phenomenon is considered detrimental for the cycle life due to 
two factors: on the one hand, the reconversion of the LiF-Fe composite is kinetikally 
disadvantaged, as evidenced by the Mössbauer study described in the previous chapter; on the 
other hand, the release of water molecules leads to the hydrolysis of the LiPF6 salt to HF, and 
consequent corrosion 14 of cell components, inducing the loss in capacity.  
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Fig. 4.9: profiles of the first (a) and fifty-fifth (b) galvanostatic cycles of FeF3·0.33H2O and its composites and 
their prolonged cycling behavior at different C rates ((c), only discharge is reported). 
Herein, the reported RGO-based composite material recovered a stable 120 mAh·g-1 
after 50 cycles, a value close to the theoretical 150 mAh·g-1. This result might indicate that part 
of the initial water was removed during the electrode drying process (water removal can occur 
at temperatures as low as 125-150 °C 27,40,50–52), limiting the corrosion effect on the cell and 
prolonging the efficiency of the material. 
Further proof of the differences between the two carbon additives can be evaluated 
through potentiostatic intermittent titration technique (PITT). During PITT analysis, the 
potential is kept constant while the current I is left able to vary and is recorded as a function of 
time. Once I reaches the set value of minimum current limit, the potential step is changed and 
a new measurement starts. This electrochemical method is usually employed for the estimation 
of the lithium diffusion coefficient (DLi) into intercalation materials. The latter can be calculated 
by measuring the linear slope of a ln(I) vs time plot for each voltage step, as depicted in fig. 
4.10. 
 
Fig.  4.10: example of data fitting of a reported PITT analysis 45. 
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In this way, DLi is obtained as: 
  
ln 

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where I is the current at time t, L is the diffusion length (maximum) associated to the bigger 
aggregate, and the first term of the product (


) corresponds to the measured slope. 
For conversion species, the diffusion coefficient obtained from PITT represents a sum of 
various transport phenomena, including charge transfer, diffusion of Li+ and eventual diffusion 
of other mobile ions 53. In fact, during material conversion, the diffusion of two species is 
involved, namely Li+ and Fe2+ or F-, making the process rather complex 53. In order to keep data 
interpretation as simple as possible, measurements were then performed only on the insertion 
part of the electrochemical curves (fig. 4.11) and similar conditions to those reported by Li et. 
al. 45 were chosen: a potential step of 25 mV was applied between 4.4V and 2V, with switches 
applied once the current decreased to C/50 (0.03 mA).  
 
Fig. 4.11: PITT profiles in the insertion region for: FeF3·0.33H2O/ox-CB (a) and FeF3·0.33H2O/RGO (b). Current 
profiles are reported as grey lines. 
For the calculation of the diffusion coefficients (table 4.4), the size of the larger aggregates (300 
nm on average) calculated from TEM images was considered as the diffusion length (L). 
Table 4.4: lithium diffusion coefficients for the fluoride-based composites calculated by PITT measurements. 
Sample Diffusion length / nm Diffusion coefficient /  cm2·s-1 
FeF3·0.33H2O/ox-CB 300 3.5·10-11 
FeF3·0.33H2O/RGO 307 3.9·10-12 
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From PITT analysis higher diffusion coefficient was recorded for the ox-CB composite 
than the RGO one (table 4.4). However, before to conclude that Li+ better diffuse through the 
carbon black-based composite, it is worth to consider two essential aspects. Firstly and as stated 
previously and reported by galvanostatic analyses presented in fig. 4.9, the RGO-based 
composite shows enhanced performances compared to the other materials. Secondly, PITT 
profiles (fig. 4.11) evidences that the process of cycling is slower in the RGO composite (around 
49h vs around 35h for the ox-CB composite to complete the cycle), indicating a more thorough 
and performant electrochemical reaction. Therefore, the higher value of DLi for the ox-CB 
composite is most probably an artifact originated by the overestimation of the diffusion length 
(L). The latter, in fact, was measured on the size of the larger aggregates present in the samples. 
As briefly described in the previous paragraph (fig. 4.8), in the case of the ox-CB composite 
aggregates might be composed of both fluoride and carbon particles, leading to an 
overestimation of L. Such overestimation is improbable for the RGO composite, because the 
active material is not composed of isolated aggregates of both phases, but of active particle 
distributed on carbon extended layers. 
The diffusion coefficient recorded for the RGO composite resulted higher of that reported 
for the bare iron fluoride (10-14 cm2·s-1) 45, indicating that the synthesis of carbon-based 
composites is a necessary step for the development of viable active materials. In this specific 
case, the RGO appeared as the best growth support as well as electrochemistry performance 
enhancer compared to ox-CB. 
 
4.3. Part B: Na3FeF6 and Na3FeF6 /RGO and /ox-CB nanocomposites. 
 
4.3.1. Synthesis, structural and morphological characterizations of Na3FeF6, 
Na3FeF6/RGO and /ox-CB. 
As briefly presented in the introduction, one of the major shortcomings of fluoride-based 
cathodes is the absence of active ions into the crystal lattice, which is necessary with the today 
battery technology based on carbonaceous anodes. After the production of iron fluorides, the 
attention was then pointed on the synthesis of sodium-containing structures such as Na3FeF6-
based composites.  
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Compared to the approach described for iron fluorides, the reaction of partially 
dehydrated iron nitrate and NaOEt with HF in benzyl alcohol for 1h at room temperature used 
herein, directly gave a pure phase Na3FeF6, which was deposited on carbon supports by means 
of microwave treatment at 150°C for 10 minutes.   
After synthesis, powders of bare Na3FeF6 as well as its RGO and ox-CB nanocomposites 
were firstly submitted to XRD analysis, to identify the obtained phase as well as to verify that 
no changes of phase occurred after microwave irradiation.  
All the sodium hexafluoroferrate samples can be indexed according to the monoclinic 
symmetry of Na3FeF6 (cryolite-type), as reported in the JCPDS file no. 12-5297 54 (fig. 4.12). 
Na3FeF6 was collected pure and already well crystallized after 1h of fluorolytic reaction (image 
i-a), with crystallite sizes approaching 50 nm (table 4.5). Thus, an intermediate irradiation-
mediated recrystallization step, as done previously for hydrated fluorides, was not needed and 
composites were obtained with powders resulting from the 1h reaction with HF. Compared to 
iron fluorides, the direct formation of the sodium hexafluoroferrate without necessity of any 
further thermal threatment is likely due to the lattice arrangement of the material. In fact, 
hydrated FeF3 are able to adopt diverse crystal structures on the basis of the different hydration 
degree 55, which is probably not the case for Na3FeF6,where similar modifications are not 
detected. 
 
Fig. 4.12: (i) XRD patterns of (a) Na3FeF6 after 1h fluorolysis, (b) Na3FeF6/ox-CB and (c) Na3FeF6/RGO. Bars 
correspond to the Na3FeF6 reference 54. (ii) FT-IR of (a) Na3FeF6/RGO and (b) Na3FeF6/ox-CB. 
After deposition on carbonaceous supports no lattice changes were recorded (patterns i-b 
and i-c), with diffractograms presenting sharp peaks of comparable intensity for all the three 
samples, even after irradiation. 
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Table 4.5: crystallographic parameters for the studied sodium hexafluoroferrate composites (space group P21) and 
relative carbon contents estimated by elemental analysis. 
Sample a (pm) b (pm) c (pm) beta (°) 
Crystallite 
sizes (nm) 
Carbon 
content 
(wt%) 
JCPDS 12-5297 551.4 573.4 797.3 90.4 / / 
Na3FeF6  554.8(1) 576.9(1) 800.4(1) 89.6(1) 48.8 3 
Na3FeF6/RGO 556.1(1) 578.1(1) 800.1(2) 90.3(1) 46.7 24 
Na3FeF6/ox-CB 569.0(3) 543.4(3) 804.1(4) 91.4(1) 35.4 30 
 
Identification of characteristic functionalities of the studied compounds was performed 
by infrared spectroscopy. In fig. 4.12-ii, FT-IR spectra of Na3FeF6/RGO (a) and Na3FeF6/ox-
CB Super C (b) composites are reported. Vibrations of the inorganic lattice are visible below 
1000 cm-1 28,56. The broad signals located at around 3500 cm-1 can be assigned to the OH 
stretching of water molecules, and is confirmed by the band at 1640 cm-1, present for both the 
compounds. Bands at 1738 cm-1 and 1574 cm-1 are only well visible for the RGO-based 
composite and correspond to carboxylic C=O and aromatic ring C=C stretching respectively, 
of the RGO. Bands appearing below 1500 cm-1 can be ascribed to C-O modes belonging to 
epoxy or hydroxyl moieties of carbonaceous supports 29,41. 
TEM images of bare and Na3FeF6 composites as well as SAED diffraction (fig. 4.13), 
were collected in order to identify the morphology of the parent compound, to confirm its 
crystallographic structure, and to evaluate the dispersion of particles on carbon supports. Bare 
Na3FeF6 (a) is composed of particles of various diameters and heterogeneous morphologies, 
which aggregate to form bigger structures (from few hundred nanometers to over 1 µm. Further 
images of the bare compound and its composites are reported in appendix). SAED of the 
material (b) confirmed the cryolite-type phase identified by XRD. In the RGO composite, the 
material is non uniformly distributed onto layers, and large areas of RGO remain uncovered. It 
is possible that these regions correspond to the graphene-like islands described by Dreyer et al. 
36, and would enhance charge conduction during the electrochemical process. Some regions are, 
instead, more loaded than others and the active material is wrapped up by RGO layers, assuring 
maximum contact of phases. Na3FeF6 concentrates mainly at the edges of carbon sheets, 
probably due to a major presence of functionalities 36,57,58 and defects on this area. As already 
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observed for the trifluoride, deposition of the hexafluoroferrate onto partially oxidized CB (d) 
results in a less homogeneous distribution of particles than for the RGO composite and, again, 
the morphology of the supports may affect both distribution and interactions with the active 
material.  
 
Fig. 4.13: TEM pictures of (a) Na3FeF6 and (b) corresponding SAED, (c) Na3FeF6/RGO, and (d) Na3FeF6/ox-CB. 
 
4.3.2. Electrochemistry. 
After routine characterizations, Na3FeF6 and the RGO and ox-CB -based composites were 
submitted to electrochemical investigation.  
For Na-containing hexafluoroferrate, measurements were started in discharge as for iron 
trifluoride, applying the same potential window (4.4V-1.6V vs Na+/Na0). In fact, an initial 
charge step for Na3FeF6 would involve the oxidation to Fe(IV) species and this kind of 
reactivity would be possible only at very high potential, with associated risks of electrolyte 
decomposition 59 and reduction of cell life. Galvanostatic analysis was then started reducing 
iron, following the only report available so far in literature by Shakoor et al. 60. The authors 
synthesized the material by a dry ball milling technique, followed by intimate mixing with CB 
to obtain the composite by ball milling-mediated coating. Around 110 mAh·g-1 were recorded 
for the 10 initial cycles at a C/10 rate, but capacity faded rapidly to 60 mAh·g-1 at the 20th cycle. 
Since an initial oxidation step is not feasible, as discussed above, a large potential window 
(4.25-0.5 V vs Na+/Na0) was applied, in order to take advantage of the conversion reaction. The 
conversion reaction, however, did not occurr, and the material maintained its distinctive X-ray 
signature both at 0.5 and 4.25 V.  
From comparison of galvanostatic curves (fig. 4.14), the electroactive Na3FeF6 as well as 
its ox-CB-based composite, presented a very scarce reaction with sodium, resulting in 
negligible delivered capacities. An evident exception was detected for the RGO-supported 
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hexafluoroferrate, whose electrochemical behavior was remarkably enhanced by the interaction 
with reduced graphene oxide. The Na3FeF6/RGO composite was characterized by an initial 
scarce performance and the delivery of only 30 mAh·g-1.  
 
Fig. 4.14: profiles of the first (a) and fifty-fifth (b) galvanostatic cycles of Na3FeF6 and its composites and their 
prolonged cycling behavior at different C rates ((c), only discharge is reported). 
After few cycles, however, the capacity increased to around 90 mAh·g-1, and the material 
was able to sustain repeated cycling at increased cycling rates, as well as delivering a stable 80 
mAh·g-1 at the 55th cycle (fig. 4.14 (c)), with only 10 mAh·g-1 lost during the process.  
Comparing these results with the reference 60, it is possible to note that the composite 
made with CB presented better results after ball-milling coating than solution-based techniques. 
In contrast, among the composites, the RGO one provided the best electrochemical 
performance, with enhanced cycling life and stability. The reason of this enhancement probably 
lies on two facts. On the one hand, the nature of the carbon source probably plays a crucial role 
in affecting the electrochemical response of the materials, due to different morphologies, 
surface properties and dispersion of particles, as already seen for iron trifluoride. On the other 
hand, the kind of reaction could lead to modifications in material composition, generating 
changes in the electrochemical response of materials with same crystal signature. In regard of 
this second point, it is worth to remember that low T synthesis techniques favors OH/F 
competition when iron fluoride is involved, in particular for FeF3·0.33H2O 61,62. Moreover, the 
synthesis employed in this study involves the pre-dehydration of Fe(NO3)3·9H2O into a 
Fe(OH)x(NO3)3-x·yH2O species 2 already containing -OH groups. Similarly to FeF3·0.33H2O, it 
is possible that the synthesis employed herein would introduce some –OH crystallographically 
substituting fluorine and thus, perturbing the electrochemical response as for previously 
discussed iron fluorides. 
At this stage of research, however, it is not possible to further explain the behavior of the 
Na3FeF6/RGO composite, and more in-depth study is still necessary. 
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4.4. Conclusions. 
In this work, iron fluoride and sodium-containing iron fluoride-based composites were 
prepared from a fluorolytic sol-gel procedure assisted by microwave irradiation. Reduced 
graphene oxide and partially oxidized carbon black were used as substrates in order to improve 
the electronic conductivity of electroactive materials 14. RGO is a conductive support derived 
by mild reduction of graphene oxide, while carbon black is a well-known conductive additive 
commonly used for electrode film-casting.  
Composites obtained herein, presented no phase changes after irradiation-mediated 
deposition onto carbon substrates, whereas particles distribution resulted very different for the 
two conductive carbons employed. Electrochemistry was highly affected by the nature of the 
conductive additive, the latter having likely a role in the distribution of fluoride particles and 
consequential interaction carbon-particles. FeF3∙0.33H2O/RGO showed interesting 
electrochemical performance compared to all the tested iron trifluorides, with around 100 
mAh·g-1 delivered at C rate and a stable 130 mAh·g-1 recovered after prolonged cycling. This 
superior performance was attributed to the limited agglomeration and better distribution of 
particles onto RGO sheets with respect to the ox-CB based composite. Lithium diffusion was 
also improved by the presence of RGO, compared to the bare fluoride.  
Adaptation of the previous synthesis procedure allowed the synthesis of sodium-
containing structures, the ion-containing materials being necessary for the use in second 
generation accumulators. Na3FeF6 /RGO and /ox-CB powders were synthesized. The 
electrochemical behavior of Na3FeF6/RGO obtained by fluorolytic reaction was surprising, 
showing a poor 30 mAh·g-1 initial discharge capacity which stabilized at around 80 mAh·g-1 
after 55 cycles, resulting improved in terms of cyclability and stability compared to Shakoor et 
al. 60. The CB-based composite revealed instead a very poor behavior, uncomparable with the 
reference, where interaction with carbon was likely stronger after ball milling treatment.  
Further optimization of the composites is of course possible. For all the compounds 
additional downsizing of particles would be beneficial to improve the electrochemical 
performance and contact with carbon. For the CB-based composites, further increasing of the 
number of functionalities on the surface of CB using longer times of oxidation, would probably 
lead to better distribution and interactions between carbon and fluoride particles, resulting 
beneficial for the electrochemical reaction.   
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Chapter 5 
Li2MnSiO4: synthesis, characterizations and discussion 
 
 
 
5.1. Brief introduction. 
The physicochemical properties of orthosilicates presented in paragraphs 2.1 and 2.2 
respectively, evidenced the important limitations of the composite Li2MnSiO4/C in terms of 
structural stability and electrical conductivity. They highlighted the necessity of annealing 
treatments of the resulting material, in order to increase both crystallinity and phase purity 
when soft synthesis routes are employed. Aiming at the improvement of electrochemical 
performances, the necessity of using a carbon-based conductive agent was also underlined. 
With these premises, the synthesis of a valuable composite avoiding any post-synthesis 
treatment is challenging.  
This part of work was devoted to the synthesis of a Li2MnSiO4/RGO nanocomposite 
employing a microwave-assisted non aqueous sol-gel approach and the benzyl-alcohol route. 
The aim of the research was to obtain a working electrode avoiding any calcination step. 
Nanocrystalline Li2MnSiO4/RGO was obtained in a three-step optimization procedure. 
Firstly, a nanosized Li2MnSiO4 was produced by use of the microwave-assisted benzyl 
alcohol route; further modification of the reaction mixture allowed the improvement of 
compound crystallinity without the annealing step; finally the association with RGO was 
crucial for the enhancement of electrochemical performance. 
 
5.2. Preliminary tests: first synthesis conditions and XRD results. 
The synthesis of Li2MnSiO4/C was inspired by the work of Muraliganth et al. 
1. As 
reported in paragraph 2.1.2, this group presented for the first time a microwave-assisted 
solvothermal route to synthesize pristine Li2MnSiO4. The authors reacted LiOH, TEOS and 
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Mn(ac)2 (ratio 2:1:1) in tetraethyleneglycol at 300 °C for 5 minutes, including 20 minutes of 
ramping time in order to reach the reaction temperature. A partially amorphous material was 
obtained. An annealing step at 650°C in presence of sucrose improved the crystallinity and 
produced the final composite Li2MnSiO4/C. This material exchanged around 1 Li per formula 
unit during the first discharges. The poor cyclability was evidenced by a loss of around 50% 
of the initial capacity after 20 cycles.  
A low-temperature production of viable lithium-containing transition-metal silicates is 
generally difficult, therefore we avoided to start from zero and set our preliminary tests 
following the ideas of previous reports, while adopting new parameters and precursors. The 
aim of these tests was to investigate the feasibility of the reaction with the new conditions. 
 For our experiments we choose the benzyl alcohol (BnOH) as solvent, in order to 
exploit the benzyl alcohol route, which is a well-developed approach to nanomaterials in our 
research group and demonstrated its efficacy for the synthesis of several kind of 
nanomaterials, as discussed in paragraph 1.5.1 and 1.5.3. Compared to the work of 
Muraliganth, we also changed the LiOH precursor with a prepared solution of lithium 
benzoxide (LiOBn), as already experienced in our group 2, while TEOS and Mn(ac)2 
remained the sources of Si and Mn. In a typical procedure, a LiOBn solution was prepared in 
an Ar-filled glovebox dissolving metallic lithium in benzyl alcohol at room temperature. 
TEOS and Mn(ac)2 were added to the lithium solution in a special glass vessel specifically 
designed for microwave reactions. The vessel was sealed under inert atmosphere to prevent 
oxidation of Mn2+. Three mixtures with same composition were then reacted in an Anton Paar 
monowave reactor at 300 °C for 5, 15 and 50 minutes, under stirring. The heating mode was 
set as as fast as possible, resulting in a ramping time of around 5 minutes. After reaction, 
these samples were cooled down and repeatedly washed and dried before annealing at 700 °C 
under N2 for 6h 
3.  
After 5 minutes of reaction time no precipitate was formed, while longer times 
allowed the production of a partially crystalline compound. XRD patterns of the products 
obtained after 15 (T1) and 50 (T2) minutes of reaction and after annealing are shown in fig. 
5.1. Few broad reflections are present in T1 and T2, while sharper narrow signals are visible 
for the annealed ones (T1-a and T2-a).   
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Fig.  5.1: XRD patterns of: (T1) sample irradiated 15 minutes and (T1-a) after annealing, (T2) sample irradiated 
50 minutes and (T2-a) after annealing. Reference bars: black for Li2MnSiO4 (JCPDS#04-014-1657) 4, red for 
Mn3O4 (JCPDS#04-015-2577), purple for Li2SiO3 (JCPDS#04-008-3005 ), blue for Mn2SiO4 (JCPDS#04-009-
8351). 
Samples T1 and T2 match the reference (black line) of Li2MnSiO4, however the 
crystallinity is poor for both samples and other phases could be present as amorphous ones.  
After annealing, samples b and d show improved crystallinity. T1 presents a complex mixture 
of phases coexisting with the target silicate, while T2 can be indexed as a Pmn21 Li2MnSiO4 
4 
with minor impurities. These results confirmed the applicability of the Benzyl alcohol route 
for the synthesis of the orthosilicate. They also suggest that long reaction times at high 
temperature followed by an annealing treatment are needed to ensure the formation of the 
proper structure. 
 
5.3. Optimization of Li2MnSiO4. 
5.3.1 The choice of new synthesis conditions. 
The preliminary tests evidenced the suitability of the benzyl alcohol route for the 
synthesis of Li2MnSiO4, however long reaction times were needed as well as a final 
calcination step to enhance product crystallinity. Following these results, a different reaction 
system was chosen, in order to reduce reaction times and obtain a well crystallized phase 
without a post-synthesis treatment. For this purpose TEOS was substituted by the more 
reactive SiCl4, while Mn(ac)2 was replaced by Mn(acac)2. The reason of this choice lies on the 
successful results obtainable by the use of halides and acetylacetonates in a benzyl alcohol 
medium 5,6. For the same reasons BnOH and its derivative LiOBn were not replaced, and both 
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microwave conditions and procedure were kept unaltered. The molar ratios among the 
components was fixed to Li:Mn:Si = 2:1:1. Taking into account the previous reaction times 
(5, 15 and 50 minutes), 15 minutes of irradiation were considered a good compromise to be 
tested for the new reaction system, in order to obtain a crystalline compound in a short time.  
First experiments allowed the precipitation of amorphous compounds. The XRD 
pattern of one of these samples, reported in fig. 5.2-a, shows broad reflections centered at 
around 2θ = 33° and 60°, and a peak visible at 2θ = 36.2° corresponding to the 002 reflection 
of the target compound. This sample is denoted as S1. Even though mostly amorphous, this 
diffractogram shows a similar profile compared to the previously presented patterns, as well 
as the 002 reflection of the silicate (fig. 5.1 -a and -c), therefore the production of Li2MnSiO4 
with the new conditions was positively considered even though optimization was clearly 
required.  
 
Fig.  5.2: (a) XRD pattern of Li2MnSiO4 (S1) synthesized with the new conditions and Li:Mn molar ratio 
corresponding to 2, and (b) TEM picture of the as-synthesized sample S1.  
TEM images of the sample revealed the formation of coagulated pseudo-spherical 
particles of around 11 nm in diameter, which formed large and non-uniform aggregates. This 
result is in agreement with literature 1,3 where similar approaches to Li2MnSiO4 were tested. 
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5.3.2. Effect of lithium amount on size, morphology and phase formation of 
particles. 
To overcome the problem of poor crystallinity and, at the same time, to avoid the 
annealing step, a new strategy was suggested by Kuezma et al. 3 and Murugan et al. 7. In their 
work lithium is used in excess to form the precursor material which will be then annealed. 
Following this idea, additional experiments were carried out by increasing the amount of 
LiOBn in the reaction system, while keeping all the other parameters unaltered. A series of 
tests evaluated the dependence of crystallinity and morphology of Li2MnSiO4 as a function of 
LiOBn molar ratio, which is reported in table 5.1 for each sample. 
Table 5.1: used molar ratio of lithium generating the evolution of Li2MnSiO4 characteristics. The stoechiometric 
values are Li:Mn:Si = 2:1:1. (a)= molar ratio of elements. 
Sample S2 S3 S4 S5 
Li:Mna 2.2:1 2.5:1 3.5:1 4:1 
 
The XRD patterns reported in fig. 5.3 evidence the effect of the LiOBn used molar 
ratio on samples crystallinity, which is improved by the increased amount of Li in the reaction 
mixture. Compared to the amorphous S1 (fig. 5.2 -a), a slight increase of lithium molar ratio 
from 2 to 2.2 allows the formation of a more crystalline phase (fig. 5.3 -a, S2). The peaks are 
clearly visible and match the reference, although the bump centered at 2θ = 33° is still present 
as in S1, suggesting that additional Li would be beneficial to increase the crystallinity. The 
broad reflections suggest the presence of small crystallites, which is confirmed by TEM 
images (fig. 5.3 -b, S2). Compared to S1 (fig. 5.2 -b), where spherical and coagulated 
particles were visible, the TEM image of S2 shows a mixture of spherical particles and 
elongated structures, the latter being likely the result of the increased Li amount used in the 
reaction mixture.  
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Fig. 5.3: (a) XRD patterns of the samples synthesized with different Li ratios and (b) associated TEM analyses. 
Reference bars corresponds to Li2MnSiO4 (JCPDS#04-014-1657) 4. 
 The XRD patterns of samples S3, S4 and S5, obtained at higher amount of Li, have 
slight differences with S2. Particularly, the broad peaks in the range 45°<2θ<80°, are better 
defined and identifiable, implying improved crystallinity. The region 20°<2θ<40° becomes 
broader when Li is increased, possibly due to the reduced formation of elongated structures, 
as depicted by the series of TEM images in fig. 5.3-b. The peaks at 2θ =  28.1° and 36.2° 
correspond to the 200 and 002 crystallographic planes, and can be associated to an anisotropic 
growth along the a and c axes respectively. Therefore, the increased width and reduced 
intensity of these peaks from S3 to S5 can be related to a reduced production of elongated 
particles, as depicted by the trend visible in TEM images. When the amount of lithium 
increases, an isotropic growth may occur, leading to the preferential formation of round-
shaped particles (S5).  
These Li2MnSiO4 patterns show increased number of reflections which are generally 
better defined if compared to literature reports using similar reaction conditions to produce 
Li2MnSiO4 
1,3.  
The average particle size of samples S1, S2, S3, S4 and S5 was estimated by TEM 
image analysis. Samples S1 and S5 were also compared with calculations based on the 
measured specific surface area (BET method). In the latter case, the equation D=6/(Sa*ρ) 
(where D is the average diameter in µm, Sa is the BET specific surface in m
2 g-1 and ρ is the 
density of the material in g cm-3) gives the average diameter of primary particles, which are 
assumed to be nonporous and spherical. Considering the presence of rod-like structures for 3 
of the samples, this estimation was possible only for S1 and S5, which present uniform 
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spherical shape (fig. 5.2-b and 5.3-b) and nonporous texture (from BET measurement, not 
shown). Size results are summarized in table 5.2: 
Table 5.2: average particles size of given samples obtained by TEM analysis and BET surface area calculations. 
Legend: (a) = molar ratio of elements, (p) = particles, (r) = rod-like structures, Sa = specific surface area 
measured by the BET method. 
 S1 S2 S3 S4 S5 
Li:Mna 2:1 2.2:1 2.5:1 3.5:1 4:1 
TEM size (nm) 11(p) 11(p) 70(r) 10(p), 62(r) 10(p) 16(p) 
Sa (m2 g-1) 120 - - - 86 
BET size (nm) 16 - - - 20 
 
As shown in table 5.2, lithium excess have no remarkable influence on the size of 
spherical particles, which are comparable for all the samples. BET calculations also confirm 
the production of small particles, ranging from 16 to 20 nm. In contrast, the size of elongated 
structures is similar for low and medium amount of lithium excess (samples S2 and S3 
respectively) and they disappears completely approaching 4 molar ratio of lithium (S4 and 
S5). 
 
5.3.3. Microstructural analysis of a selected sample and effect of pressure 
on its morphology. 
In order to better understand the morphology of the particles, a microstructural analysis 
was conducted on sample S3. For this purpose, a refinement of the pattern was performed 
using the FullProf suite. The software is principally designed for Rietveld refinement of single 
crystals, powdered XRD data or magnetic structures, for X-ray or neutron diffraction. 
However, in this case it was only used for pattern refinement, microstructure analysis and 
calculation of cell parameters and crystallites size, leaving apart any atomic position 
calculation. This was essentially due, for one hand to the presence of light elements such as 
lithium, which is undetectable by XRD, and for the other hand, to the semicrystalline nature 
of these samples, for which a Rietveld refinement is unusual. To refine a given diffractogram, 
FullProf requires to separately fit several structural parameters, to find the best profile 
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matching experimental data. Since then, it is possible to recover the mentioned structural 
information. Pattern refinement led to a calculated average crystallite shape, presented in fig. 
5.4-a. A platelet-like shape, growing on the ab plane, and a crossing structure which forms 
along the c axis are presented. This calculated morphology would suggest the absence of a 
mixture of particles (spherical and rod-like) in favor of a single global morphology, which 
could be the result of spherical particles subjected to an anisotropic growth along the a and c 
axes respectively, as discussed in paragraph 5.3.1.  
 
Fig.  5.4: pattern refinement (a) and average crystallite shape (a-inset) of sample S3; (b) platelet morphology of 
sample S6. 
 
Table 5.3: lattice constants and crystallite size calculated for the indicated sample. 
 a (pm) b (pm) c (pm) Cristallite sizes (nm) 
Li2MnSiO4 
4 631.1 538.0 496.6 / 
S3 635.6 542.4 497.4 4.4 
 
Calculated lattice constants were found in good agreement with reference data, 
confirming the formation of nanocrystalline Li2MnSiO4. In agreement with the reported 
diffractogram, crystallites size is reduced compared to particle diameters obtained by TEM 
and BET calculations (table 5.2). 
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The reaction pressure effect on particles morphology was evaluated by a specific test on 
sample S3. Standard reaction conditions were employed, except for the volume of the 
solution, which was reduced in order to decrease the pressure inside the vessel. During 
reaction, the recorded pressures were 10 and 7 bars, respectively for S3 and S6 and no change 
of crystal phase was registered. A TEM image of sample S6 is shown in fig. 5.4-b, where a 
remarkable change in morphology is visible, compared to S3 in fig. 5.3-b. While in S3 
spherical and elongated particles are visible, S6 is homogeneously composed of platelet of 
around 50 nm in width and from around 60 to 250 nm in length. This result confirm the effect 
of both lithium excess and pressure value on the growth of differently shaped nanoparticles. 
They probably influence the growth of specific crystallographic planes of the material, which 
then lead to different morphologies, as depicted in paragraph 5.3.1. 
 
5.4. Electrode material optimization: synthesis of the Li2MnSiO4/RGO 
composite, characterizations and evaluation of the electrochemical 
properties. 
In order to produce a crystalline Li2MnSiO4 showing good electrochemical properties 
without any annealing and/or carbonization step, two strategies were respectively adopted: (a) 
the increase of Li:Mn ratio, explained in the previous paragraph, which led to nanocrystalline 
products, and (b) the deposition of particles on a conductive carbonaceous matrix. Chemical 
or physical interactions between particles and carbon supports promote electron exchanges 
and is often essential to ensure cyclability. For this purpose reduced graphene oxide (RGO) 
was used as carbon support for the microwave-assisted deposition of Li2MnSiO4 particles and 
the production of a viable cathodic carbon-based composite. 
Li2MnSiO4/RGO composite was synthesized in a two-step reaction. Pristine Li2MnSiO4 
was obtained by microwave irradiation of SiCl4, Mn(acac)2 and LiOBn in BnOH, in molar 
ratio 1:1:3.5 respectively. The synthesis was carried out under inert atmosphere at 300°C for 
15 minutes, leading to the orthosilicate production. After a purification and drying step, the 
composite was obtained by reacting Li2MnSiO4 in presence of RGO. The dispersion was 
microwave irradiated at 150 °C for 10 minutes, as already experienced for the deposition of 
iron fluorides onto RGO-based supports 8.  
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XRD pattern in fig. 5.5-a is assigned to the nanocrystalline Li2MnSiO4 composite S7. 
As visible from the diffractogram, the use of RGO had no effect on the crystal phase, which 
remained unchanged after deposition.  
 
Fig.  5.5: (a) diffractogram of the composite Li2MnSiO4/RGO (S7) and (b) TEM analysis. Arrows point RGO 
sheets. 
TEM images evidence the presence of Li2MnSiO4 particles forming non-uniform 
agglomerates onto RGO sheets (fig. 5.5-b), due to the tendency of Li2MnSiO4 particles to 
aggregate. As such, their distribution is not homogeneous, and some RGO areas are more 
loaded than others. This could be also explained by the presence of distinct defective or 
highly oxidized areas along with graphene-like regions on carbon sheets 9, the latter being 
likely promoted by the reduction treatment of GO. 
Carbon content was evaluated by elemental analysis and corresponded to 18% of the 
total mass. 
IR spectra in fig. 5.6 compare Li2MnSiO4 and its RGO-based composite.  
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Fig. 5.6: IR spectra of: (a) Li2MnSiO4 and (b) Li2MnSiO4/RGO composite. 
Both samples present characteristic signals of [SiO4] tetrahedra between 1130 and 400 
cm-1. Specifically, signals at around 900 cm-1 can be associated to the Si-O stretching 
vibration, while signals at around 500 cm-1 are related to Si-O bending in the tetrahedron 10,11. 
The strong and broad peak centered at around 3400 cm-1 can be attributed to hydrogen bonded 
Si-OH groups 12,13. For the composite, additional contributions appear over 3400 cm-1, likely 
due to free -OH modes. The shoulder at 1216 cm-1 can be ascribed to epoxy C-O-C vibrations 
of RGO 14. Vibrations of residual acetylacetonate groups from Mn(acac)2 precursor are visible 
in the range 1800-1300 cm-1, however they likely overlap with characteristic modes of RGO, 
such as the vibration at 1620 cm-1 and 1580 cm-1 reported as belonging to sp2 C-C 
interactions 14,15. No remarkable sign of chemical interaction between particles and carbon 
support are visible below 2000 cm-1. However, an indirect evidence of Li2MnSiO4 - RGO 
interaction can be postulated by checking TEM images, where aggregates are deposited onto 
RGO sheets. RGO/particles interaction establishment can be also suggested by analyzing 
electrochemical curves, in which improved performance is visible for the obtained composite 
compared to the pristine material (fig. 5.7).  
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Fig.  5.7: galvanostatic cycles of: (a) pristine Li2MnSiO4 and (b) Li2MnSiO4/RGO. LiPF6 1M, PC:EC:DMC, 
C/20, RT. 
Pristine Li2MnSiO4 (fig. 5.7-a) delivered a capacity of 13 mAhg
-1 on first discharge, 
corresponding to ~ 0.1 Li+ exchanged and, thus, showed very limited electrochemical activity. 
Deposition on RGO remarkably improved the material response, for which a capacity of 100 
mAhg-1 was recorded on the first discharge (~ 0.7 Li+ exchanged, fig. 3.7-b), and evidenced 
the positive role RGO had on the electrochemical process. However this effect is limited and 
Li2MnSiO4/RGO reduced rapidly its performance, dropping to 80 mAhg
-1 at the end of the 4th 
cycle. This is not surprising and is actually comparable to several literature results (chapter 2), 
in which the reinsertion of around 1 Li+ on first discharge cycles is common, as well as a fast 
reduction of electrochemical activity. Structural collapse induced by the extraction of Li-ions 
is also reported as the main reason of failure 16,17. Moreover, the presence of residual 
acetyacetonate groups inside the structure (fig. 5.6) may lead to poorer performance as they 
can reduce the mobility of Li-ions.  
 
5.5. Conclusions. 
The aim of this work was the production of a Li2MnSiO4-based working cathode using 
low temperature methods and no calcination steps. Due to the known difficulty of a soft 
approach to Li2MnSiO4, several tests were firstly required to select the appropriate reaction 
system. Experimental results showed the positive effect lithium excess had on samples 
crystallinity, and an effect of the reaction pressure on the morphology was also identified, 
although it would need further studies to be completely clarified. Nanocrystalline 
Li2MnSiO4/RGO composite was synthesized by a low-temperature microwave-assisted 
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approach, allowing the production of a positive electrode material in which aggregates of 
round-shaped primary particles are deposited onto RGO layers. Interaction with RGO resulted 
in great improvement of electrochemical behavior of the active material, which delivered 100 
mAhg-1 on first discharge, and showed acceptable activity if compared with literature data of 
calcined counterparts obtained by similar methods. Furthermore, the electrochemical 
improvement recorded for Li2MnSiO4/RGO, compared to the pristine material, underlined the 
importance of using appropriate carbon supports for the enhancement of electrochemical 
activity. 
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Chapter 6 
Summary and conclusions 
 
 
 
6.1. Summary and conclusions. 
The necessity of efficient energy storage systems for a wide range of application, ranging 
from power grids, to electrical vehicles and portable devices, have tremendously grown the 
interest in batteries and battery technology improvement. Second generation accumulators 
based on Li-ion technology have been so far the prevalent choice for portable devices 1, due to 
the highest associated potential working window 2. However, availability and cost issues related 
to the use of lithium generated, recently, increasing interest on metal substitutes such as sodium. 
Compared to Li, Na is a non-toxic and abundant element, and a low cost and environmentally 
friendly choice for next generation accumulators. Na and Li show similar electrochemistry, 
allowing for a certain transfer of knowledge from lithium to sodium technology 3,4.  
In order to improve the energy density of cathode materials, consequent efforts were 
dedicated to the research of new compounds able to exchange more than one electron per 
formula unit. This thesis focused on the synthesis, characterization and electrochemical 
evaluation of two such cathode materials: Fe-based fluorides and Mn-based orthosilicate. 
Nanostructuration of the active materials and association with conductive carbons was crucial 
for the enhancement of electrochemical properties.  
For the iron fluoride family, FeF3·0.33H2O was firstly obtained as a xerogel powder, and 
the electrochemical reaction was investigated by means of operando Mössbauer spectroscopy 
and X-Ray diffraction. Mössbauer spectroscopy evidenced incomplete electrochemical reaction 
at the standard potential working window, and the progressive transformation of the HTB 
structure into FeF2-rutile-like nanodomains. This irreversible transformation partially 
inactivated the material, for which only the insertion reaction was possible after repeated 
cycling. Amorphization of the trifluoride was confirmed by operando XRD. A 
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FeF3·0.33H2O/GO composite was also synthesized, whose electrochemical behavior resulted 
greatly enhanced by the presence of graphene oxide. 
Using the microwave-assisted benzyl alcohol route, structural optimization of the fluoride 
was achieved by both nanosizing and production of a RGO-based nanocomposite. In order to 
evaluate the effect of two different conductive carbon additives on the electrochemical 
properties, a partially oxidized CB-based composite was also synthesized. From comparison of 
galvanostatic curves, however, FeF3·0.33H2O/RGO demonstrated superior electrochemical 
activity, and was able to recover full capacity after prolonged cycling at different C-rates. The 
enhanced electrochemical performance of the RGO-based composite was attributed to the better 
dispersion and interaction between fluoride particles and conductive carbon, probably due to 
the different nature of the two supports. Further structural amelioration was attempted with the 
production of Na containing fluorides, to meet the requirements of second generation 
accumulators and to avoid the use of metallic anodes. Na3FeF6 /RGO and /ox-CB were obtained 
and their electrochemical behavior tested, demonstrating again the superiority of RGO as 
electrochemical enhancer. 
The microwave-assisted benzyl alcohol route also proved its efficacy in the soft synthesis 
of a Li2MnSiO4/RGO nanocomposite, whose performance was remarkably improved by the 
presence of RGO compared to the pristine compound. 
The benzyl alcohol route was demonstrated to be applicable and effective for the synthesis 
of viable fluoride and orthosilicate -based nanostructures. FeF3·0.33H2O, Na3FeF6 as well as 
Li2MnSiO4 obtained with this synthesis method, revealed interesting and promising 
performance, even though they are still at a research stage and further improvements and studies 
are needed to transfer them from laboratory to the market. Electrochemical results revealed 
graphene-like materials as the most suitable conductive additives, for both the synthesis of 
nanocomposites with enhanced structural organization and the improvement of electrochemical 
performance, encouraging the use of such supports for the preparation of electrode materials.  
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Chapter 7 
Experimental section 
 
 
 
7.1. Materials. 
All the starting materials were used as received without further purification. All the 
washing solvents were of the highest grade and used as received. 
Table 7.1: list of used products. 
Product Name Details 
BnOH Benzyl alcohol Sigma Aldrich, 99-100.5%, GC 
CB Carbon Black Timcal Super C 65 
Cr(NO3)3∙9H2O Cromium(III) nitrate nonahydrate ABCR, 98% 
DMC Dimethyl carbonate ABCR, 99% 
EC Ethyl carbonate ABCR, 99% 
Fe(NO3)3∙9H2O Iron(III) nitrate nonahydrate ABCR, 98% 
Graphite Graphite Sigma Aldrich, powder, <20 µm 
H2O2 Hydrogen peroxide VWR-Prolabo, 30% 
H2SO4 Sulfuric acid J. T. Baker, 95-97% 
HCl Hydrochloric acid VWR-Prolabo, 37% 
HF/MeOH Hydrogen fluoride/Methanol Prepared solution. 24M or 11.5M 
HNO3 Nitric acid J. T. Baker, 65% 
K2S2O8 Potassium peroxodisulfate Sigma Aldrich, 99%  
KMnO4 Potassium permanganate ABCR, 98% 
Li0 Lithium ABCR, granules 2.5mm, 99% 
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LiPF6 Lithium hexafluorophosphate ABCR, 99.9% battery grade 
MeOH Methanol Roth, >99%, p.a., acs 
Mn(ac)2 Manganese(II) acetate Sigma Aldrich, 98% 
Mn(acac)2 Manganese(II) acetylacetonate ABCR, 97% 
NaClO4  Sodium perchlorate ABCR, anhydrous, ACS 98.0-102.0% 
NaNO3 Sodium nitrate ABCR, 98% 
NaOEt Sodium ethoxide Alfa Aesar, 96% 
NMP N-Methyl-2-pyrrolidone Alfa Aesar, >99% 
P2O5 Phosphorus pentoxide Fluka, 97% 
PC Propylene carbonate ABCR, 99% 
PVDF Poly(vinylidene di-fluoride) Alfa Aesar 
SiCl4 Silicon tetrachloride Sigma Aldrich, 99% 
TEOS Tetraethyl orthosilicate Sigma Aldrich, >99%, GC 
 
7.2. Equipment and methods.  
Reactions were performed in round bottom flasks or schlenk tubes. Microwave irradiation was 
performed in an Anton Paar Monowave 300 using dedicated vessels.  
An Ar filled glovebox MBraun UniLab was used to handle sensitive compounds and prepare 
reaction mixtures. 
Calcinations were performed in a Nabertherm R50/250/12 tubular oven equipped with quartz 
tubes using ceramic boats as sampler holders.  
Infrared (IR) spectra were collected on a Thermo Scientific Nicolet iS5 equipped with the 
iD1 transmission unit. Samples were diluted in KBr pellets and analyzed in transmission mode 
in the region 4000-400 cm-1(4.0 cm-1 resolution). 
Raman spectra were collected on a confocal alpha300R Raman microscope (WITEC), 
equipped with laser of λ = 532 nm. The fitting was performed on Fityk software, using a 
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Lorentzian function for the observed D band and a Breit-Wigner-Fano (BWF) function for the 
G band as suggested by Tai et al. 35. 
Inductively Coupled Plasma Mass Spectrometry was used for detection of Cr(III) on a 
Thermo Scientific Element ICP-MS. Solutions were prepared by digestion in HNO3 solution. 
X-Ray Diffraction patterns (XRD) were collected on an X'Pert MPD Philips, on a Siemens 
D5000 or a Seifert XRD3003TT diffractometers in Bragg-Brentano geometry, and a STOE 
Stadi MP diffractometer in transmission geometry. Patterns were collected using the Cu Kα 
radiation (0.154 nm). Only when stated, Mo Kα radiation (0.071 nm) was used. The program 
FullProf was used for lattice parameter and crystallite size calculations. 
Transmission Electron Microscope (TEM) images, SAED, EDX and STEM analyses were 
collected/performed using a Philips CM200 (LaB6), operating at acceleration voltage of 200 
kV. Particle sizes were manually measured from images. Image processing was performed with 
either Gatan or Image J microscopy softwares. Size distributions were calculated using the 
Origin Lab software. 
Scanning Electron Microscope (SEM) mapping was performed on a JEOL JSM 6060 
apparatus equipped with energy dispersive X-ray analyzer (EDX). 
Specific surface analysis (N2 adsorption-desorption) was performed at 77K using the 
Brunaer-Emmett-Teller method (BET) on a Micromeritics ASAP 2020 surface area and 
porosity analyzer. Samples were degassed at 80°C under vacuum for 12 h prior to be analyzed.  
Elemental analyses were performed on a HEKAtech Euro EA CHNSO Elemental analyzer 
handling samples in air. 
 
Thermogravimetric analysis (TGA) was performed using a Netzsch STA-409C Skimmer® 
coupled with a Balzers QMG-421 mass spectrometer. Samples were heated from room 
temperature to 600 °C under argon atmosphere (heating rate, 10 °C min-1). 
Electrochemical measurements were performed using two-electrode cells (EL-Cell GmbH), 
assembled in an Ar-filled glove box (MBraun) with the synthesized iron-based fluorides or 
Li2MnSiO4 as working electrodes and lithium foil (Alfa Aesar, 99.9%) or sodium (Aldrich, 
ACS reagent, stick, dry) as a counter and reference electrode. The working electrodes were 
prepared by mixing iron-based fluorides or Li2MnSiO4 powders, carbon black (Timcal, Super 
C), and poly(vinylidendifluoride) (PVdF, Alfa Aesar) with a weight ratio of 70:10:20 in N-
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Methylpyrrolidone (NMP, Alfa Aesar, >99%). The resulting slurry was then pasted on 
commercial aluminum foil, roll pressed and cut into discs. The latter were dried under vacuum 
at 120 °C overnight (Büchi glass oven) before assembly. Glass fiber from Whatman was 
employed as separator. The electrolyte was composed either of a 1 M LiPF6 (ABCR, 99.9% 
battery grade) solution in a non-aqueous mixture of ethylene carbonate (EC, ABCR, 99%), 
propylene carbonate (PC, ABCR, 99%) and dimethyl carbonate (DMC, ABCR, 99%) with a 
volume ratio of 1:1:1 or 1 M NaClO4 (ABCR, anhydrous, ACS 98.0-102.0%) solution in 
ethylene carbonate. Discharge-charge measurements were performed at room temperature 
under different rates (0.1C ∼ 1C, where 1C is the current necessary to the reaction of 1Li+/Na+ 
in 1h) in the voltage ranges 4.4-1.6 V (except for one test in which the first discharge was 
protracted down to 1 V) vs Li+/Li0 or Na+/Na0 on a Bio-Logic VMP3 potentiostat/galvanostat. 
Potentiostatic intermittent titration technique (PITT) was used to study the two FeF3·0.33H2O-
carbon composites, using a potential step of 25 mV in the voltage ranges 4.4-2 V vs Li+/Li0. 
Steps were applied once a minimum rate limit of C/50 (1Li+ reacted in 50h) was reached. 
Operando X-ray patterns were recorded using a specifically developed in situ cell 1 on a 
PANAlytical X'pert (Cu Kα radiation) diffractometer in a Bragg-Brentano geometry in the 
range 12° < 2θ  < 50° with constant steps of 0.033°. The diffractograms were recorded every 
2 h with a galvanostatic cycling regime of C/20 (1 Li+ reacted in 20 h). In this way, every pattern 
roughly represents the reaction of 0.1 Li+. 
Galvanostatic cycling was performed using a Biologic® VMP3 potentiostat with potential 
limitations (GCPL). The potential window was set between 4.4 and 1.6 V vs Li+/Li and the 
positive electrode was built by thorough mixing of 80 wt.% active material powder 
(FeF3·0.33H2O/GO composite) and 20 wt.% Timcal super P
® conductive carbon in an agate 
mortar. Glass fiber separators (Whatman) and an electrolyte made of 1 M LiPF6 in Ethylene 
Carbonate : Propylene Carbonate : Dimethyl Carbonate (1:1:3) were used to build half cells vs. 
a lithium foil (Aldrich, ~500 µm thick) counter-electrode.  
57Fe Mössbauer spectra were measured in the transmission mode with a 57Co:Rh source. 
During the measurements, both the source and the absorber were kept at ambient temperature. 
The spectrometer was operated in the constant acceleration mode with a triangular velocity 
waveform. The velocity scale was calibrated with the magnetically split sextet spectrum of a 
high-purity α-Fe foil at room temperature.  
For operando Mössbauer experiments, the same in situ cell employed for X-ray diffraction 
was used, as its design also allows for measurements in the transmission geometry. The spectra 
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were recorded every 4 h with a galvanostatic cycling regime of C/50 (1 Li+ reacted in 50 h). In 
this way, every spectrum represents the average reaction of 0.08 Li+. The spectra were fitted to 
appropriate combinations of Lorentzian profiles representing quadrupole doublets by least-
squares methods using the program PC-Mos II.24 This software is implemented with a specific 
fitting routine that allows the simultaneous refinement of selected fitting parameters on the 
whole series of spectra. In this case, only the relative resonance areas were left free to vary 
independently in each spectrum. In this way, unique spectral parameters such as the quadrupole 
splitting (ΔQS), the isomer shift (δ) and the linewidth at half maximum (Γ) of the different 
spectral components were determined for the whole series. Isomer shifts are given relative to 
α-Fe. 
Galvanostatic cycling was performed using a Biologic® VMP3 potentiostat with potential 
limitations (GCPL). The first complete cycle was recorded between 4.5 and 1.5 V vs Li+/Li, 
and then down to 0.75 V for the second discharge. The positive electrode was again built by 
thorough mixing of 80 wt.% of active material powder (FeF3·0.33H2O) and 20 wt.% Timcal 
super P® conductive carbon in an agate mortar. Glass fiber separators (Whatman) and an 
electrolyte made of 1 M LiPF6 in Ethylene Carbonate : Propylene Carbonate : Dimethyl 
Carbonate (1:1:3) were used to build half cells vs. a lithium foil (Aldrich, ~500 µm thick) 
counter-electrode. All capacities were calculated with respect to the weighed amount of active 
material (pristine or composite). 
 
7.3. Synthesis procedures. 
7.3.1. Synthesis of GO. 
Graphene oxide was prepared in two steps by a modified Hummers method 2,3.  
Pre-oxidation of graphite. Firstly, 2 g of graphite powder were added to 40 mL of concentrated 
H2SO4 under stirring, followed by the addition of 3 g of K2S2O8 and 3 g of P2O5. The suspension 
was thermally treated at 80 ºC for 5 h, cooled down and repeatedly centrifuged and washed with 
water, prior to be dried overnight. 
Oxidation. 2 g of pre-oxidized graphite and 90 mL of concentrated H2SO4 were stirred in an ice 
bath. Then, 2 g of NaNO3 were added slowly to the stirred suspension, followed by the slow 
addition of 12 g of KMnO4, keeping the temperature below 10 ºC. The mixture was stirred for 
1 h in the ice bath and then 5 days at room temperature. Elapsed this time, 250 mL of water 
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were added, and the mixture was then heated at 98 ºC for 1 h. 20 mL of H2O2 (30 wt%) were 
added and the warm suspension was filtered and washed with a 2M HCl solution. Finally, the 
solid was repeatedly washed with deionized water and dried. 
 
7.3.2. Synthesis of RGO. 
For the reduction of RGO 300 mg of GO were mixed with 20 ml of BnOH and sonicated for 
15 minutes. The solution was microwave threated at 190°C for 20 minutes. The resulting 
powder was washed several times with EtOH before to be dried overnight. 
 
7.3.3. Oxidation of CB. 
Partial oxidation of CB was conducted following the method of Russo et al. 4. 500 mg of carbon 
black were refluxed at 80°C for 4h in 15 ml of HNO3 5M. The suspension was then filtered and 
repeatedly washed with deionized water, then dried overnight.   
 
7.3.4. Synthesis of Li2MnSiO4 and Li2MnSiO4/RGO. 
Li2MnSiO4. The LiOBn solution was prepared dissolving 50 mg of metallic lithium in 20 ml of 
BnOH under Ar atmosphere 5 at room temperature.  
For samples T1 and T2, produced during preliminary tests, 2.2 mmol of TEOS and Mn(ac)2, 
along with 4.4 mmol of LiOBn were dispersed in BnOH, to reach the volume of 20 ml. Molar 
ratio of the elements was Mn:Si:Li = 1:1:2. The mixture was thermally treated in an Anton Paar 
Monowave 300, at 300°C for 15 (T1) and 50 (T2) minutes under stirring. Ramping time was 
set as “as fast as possible”, resulting in around 5 minutes ramping. The power was automatically 
controlled by the machine itself. Obtained powders were washed several times with acetone, 
prior to be dried at 70°C overnight. 
Calcinations were performed in tubular ovens under Ar or N2 flow. The set temperature was 
chosen following literature results 6. Samples were fired at 700°C (10°C min-1) for 6h. 
From S1 to S5: 2.2 mmol of Mn(acac)2 and SiCl4 were mixed with appropriate amounts of the 
LiOBn solution under stirring, and the volume adjusted to 20 ml adding pure BnOH. Excess of 
Li was used, and the needed amount of LiOBn was calculated as follows: 
 
135 
 
Table 7.2: excess of LiOBn used for the synthesis of Li2MnSiO4. 
Li:Mn ratio 2:1 2.2:1 2.5 3.5 4 
LiOBn (mmol) 4.4 4.84 5.5 7.7 8.8 
 
For sample S6 the volume was decreased to 7 ml and the amount of all the previously used 
precursors adjusted to this volume. Li:Mn:Si = 2.5:1:1. 
Li2MnSiO4/RGO (S7). Deposition on RGO was performed under microwave irradiation. 
Li2MnSiO4 was mixed with 30 mg of already prepared RGO and sonicated for 15 minutes, then 
the mixture was thermally threated at 150°C for 10 min. The final product was repeatedly 
washed with EtOH, then dried overnight at 70°C. 
 
7.3.5. Synthesis of the reference material FeF3·0.33H2O in MeOH at room 
temperature and the FeF3·0.33H2O/GO composite. 
FeF3·0.33H2O. The synthesis of FeF3·0.33H2O (F0) performed in MeOH at room temperature 
is reported in literature 7. Briefly, 10 mmol of Fe(NO3)3∙9H2O were dehydrated in vacuo at 
65°C and dissolved in 25 ml of MeOH, then 30 mmol of HF in a 24M methanolic solution were 
added. The mixture was stirred for 18h, afterwards the liquid medium was evaporated at 60°C 
under reduced pressure. The obtained powder was thermally treated at 100°C for 2h under 
vacuum and collected. The whole process was performed under inert atmosphere. 
FeF3·0.33H2O/GO. For the synthesis of the composites from F1 to F3, 10 mmol of 
Fe(NO3)3∙9H2O were firstly dehydrated in vacuo at 65°C. Appropriate amounts of GO and HF 
(24M in MeOH) were mixed with 20 ml of methanol.  
Table 7.3: amounts of HF and GO used for the synthesis of the FeF3·0.33H2O/GO composite. 
 HF:Fe GO (mg) 
F1 3:1 50 
F2 6:1 50 
F3 6:1 100 
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This suspension was sonicated for 1h and then mixed with the dehydrated iron precursor 
dissolved in 5 ml of MeOH. The mixture was stirred for 18h, prior to be thermally treated as 
previously described.  
 
7.3.6. Synthesis of Cr-doped FeF3·0.33H2O. 
Cr-doped iron trifluorides were synthesized following the procedure described in section 7.7 
for the GO-free FeF3·0.33H2O production. Due amounts of Fe(NO3)3∙9H2O precursor were 
substituted with Cr(NO3)3∙9H2O as follows:  
Table 7.4: amounts of Fe(NO3)3∙9H2O and Cr(NO3)3∙9H2O used for the synthesis of doped fluorides. 
Theoretical doping (mol%) 0.1  0.5 1 
Fe(NO3)3∙9H2O (mol) 9.99 9.95 9.9 
Cr(NO3)3∙9H2O (mol) 0.01 0.05 0.1 
 
 7.3.7. Synthesis of FeF3·0.33H2O and FeF3·0.33H2O carbon composites via 
the microwave-assisted BnOH route. 
FeF3·0.33H2O. 10 mmol of Fe(NO3)3∙9H2O were dehydrated in vacuo at 65°C and dissolved in 
50 ml of BnOH, then 30 mmol of HF (24M or 12M in MeOH) were added. The mixture was 
stirred for 18h and 1h respectively. During these steps the mixture was constantly maintained 
under Ar. The liquid medium was microwave irradiated at 150°C for various times as indicated 
below: 
Table 7.5: microwave irradiation times for the synthesis of nanosized fluorides. 
 F4 F4m3 F4m10 F4m20 F4m30 F5 F5m5 F5m10 F5m15 
RT (h) 18 1 
MW (min) - 3 10 20 30 - 5 10 15 
 
The resulting precipitates were washed several times with MeOH, collected by centrifugation 
and dried at 70°C overnight. 
FeF3·0.33H2O /ox-CB, /RGO. For the synthesis of the composite, 120 mg of FeF3·0.33H2O 
(F5m10) were mixed with 7 ml of BnOH and 45 mg of: (a) RGO or (b) oxidized CB super C 
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respectively. The mixture was sonicated for 15 minutes and then microwave irradiated for 10 
minutes at 150°C. The powder was repeatedly washed with MeOH and collected by 
centrifugation, then dried at 70°C overnight.   
 
7.3.8. Synthesis of Na3FeF6 and Na3FeF6 carbon composites via the 
microwave-assisted BnOH route. 
Na3FeF6. For the synthesis of sodium hexafluoroferrate, 10 mmol of Fe(NO3)3∙9H2O were 
dehydrated in vacuo at 65°C and dissolved in 50 ml of BnOH. 30 mmol of NaOEt were then 
added to the mixture, followed by the addition of 60 mmol of HF in MeOH 12M. The mixture 
was stirred for 1h, collected by centrifugation and washed several times with MeOH, then dried 
at 70°C overnight.  
Na3FeF6 /ox-CB, /RGO. For the synthesis of the Na3FeF6 composites, the same procedure and 
weight ratios used for the production of FeF3·0.33H2O composites were used. The active 
material in this case was Na3FeF6. 
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Appendix 
 
 
 
Appendix 1. 
 
Operando Mössbauer spectra and related spectral values of the iron 
trifluoride for the whole electrochemical process. 
 
 
Fig.  A1.1: operando Mössbauer spectra relative to the first discharge. 
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Fig.  A1.2: operando Mössbauer spectra relative to the first charge. 
 
 
Fig.  A2.3: operando Mössbauer spectra relative to the second discharge. 
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Table A1: Mössbauer parameters of selected spectra. δ = isomer shift, ∆QS = quadrupole splitting, Γ = FWHM  
 
δ 
(mm·s-1) 
ΔQS 
(mm·s-1) 
Γ 
(mm·s-1) 
Area 
(%) 
Iron type 
Discharge to 0.5Li+ 
0.45(1) 0.51(3) 0.51(4) 
55 Fe(III) 
0.31(6) 1.1(1) 0.51(4) 
1.20(1) 2.14(2) 0.62(2) 45 Fe(II)-1 
Discharge to 1.3Li+ 
0.45(1) 0.51(3) 0.51(4) 
10.6 Fe(III) 
0.31(6) 1.1(1) 0.51(4) 
1.20(1) 2.14(2) 0.62(2) 35.6 Fe(II)-1 
1.06(1) 1.78(2) 0.62(2) 43.6 Fe(II)-2 
1.11(3) 0.70(4) 0.62(2) 3.1 Fe(II)-3 
0.12(2) 0.73(4) 0.55(5) 
7.1 
Fe(0) NPs surface 
0.00(1) - 0.55(5) Fe(0) NPs bulk 
EOD 
1.20(1) 2.14(2) 0.62(2) 5.2 Fe(II) 1 
1.06(1) 1.78(2) 0.62(2) 19 Fe(II) 2 
1.11(3) 0.70(4) 0.62(2) 12.7 Fe(II) 3 
0.12(2) 0.73(4) 0.55(5) 
63.1 
Fe(0) NPs surface 
0.00(1) - 0.55(5) Fe(0) NPs bulk 
EOC 
0.40(1) 0.86(2) 0.62(4) 93 Fe(III) cycled 
1.20(1) 2.14(2) 0.62(2) 7 Fe(II)-1 
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Appendix 2.  
 
Doping of FeF3∙0.33H2O with chromium for the ex-situ UV-vis analysis of 
doped electrodes to be cycled at different stages of the galvanostatic curve. 
The structural variations occurring during the conversion reaction, namely the disruption 
of both the HTB and the “rutile”-like domains to originate the final conversion material LiF + 
Fe, could be likely tracked analyzing the UV-vis emission of samples opportunely doped with 
Cr ions. Since Fe/Cr would be arranged in octahedrons in both HTB and in the “rutile”, the 
changes occurring during the transition HTB-to-rutile and during the formation of LiF/metallic 
nanoparticles, should produce measurable spectral variations in the UV-Vis emission of the Cr 
probe. 
Preliminary tests have shown that it is possible to synthesize Cr-doped samples with 0.1, 
0.5 and 1 mol% Cr content (table A2.1). 
Table A2.1: Theoretical and measured chromium content of doped iron fluoride samples. 
 D1 D2 D3 
Theoretical Cr content (mol%) 0.1 0.5 1 
ICP measured Cr content (mol%) 0.14 0.54 1.09 
 
For the production of crystalline HTB Cr-doped iron fluorides, the synthesis method used 
in chapter 3 to produce the GO-free fluoride had been slightly changed. While the general 
fluorolytic sol-gel procedure remained mostly unaltered, with the exception of substituting due 
amounts of Fe(NO3)3·9H2O with Cr(NO3)3·9H2O, MeOH had to be replaced with BnOH, due 
to the necessary increase in temperature (100°C) for the enhancement of sample crystallinity. 
Adopting this strategy, well crystallized Cr-doped HTB-FeF3·0.33H2O were obtained (fig. 
A2.1).  
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Fig.  A2.1: XRD pattern of sample D2 (Mo Kα1 radiation). Reference pattern obtained from Diamond software 
using CIF data of FeF3·0.33H2O 1. 
As synthesized powders were submitted to UV-vis tests in Verona, and Cr emission 
occurred at 10K for sample D2. 
Sample D2 was then selected for the production of electrodes, and the electrochemical 
behavior checked and compared with that of undoped HTB-FeF3·0.33H2O (fig. A2.2). 
Differences in the galvanostatic profile of the undoped fluoride arise probably from the 
increased size of particles, which can be postulated from the XRD pattern profile, as well as the 
presence of Cr, which reduces the amount of active material into the casted electrode.  
 
Fig.  A2.2:  first tenth galvanostatic cycles recorded for sample D2. 
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Detection of Cr emission from electrodes is still not achieved, due to the presence of the 
highly absorptive carbon black as electrode additive.  
 
 
 
Reference: 
(1)  Leblanc, M.; Ferey, G.; Chevallier, P.; Calage, Y.; De Pape, R. Hexagonal Tungsten Bronze-
Type FeIII Fluoride: (H2O)0.33FeF3; Crystal Structure, Magnetic Properties, Dehydration to a 
New Form of Iron Trifluoride. J. Solid State Chem. 1983, 47 (1), 53–58. 
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Appendix 3.  
 
Particles size distribution of iron fluorides described in chapter 4, table 4.1.
 
Fig.  A3.1: particles size distribution of fluorides obtained by fluorolytic sol gel in BnOH and after microwave 
irradiation. 
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TEM images of samples described in chapter 4. 
 
 
Fig. A3.2: TEM images of FeF3∙0.33H2O obtained after 10 min of MW irradiation (F5m10). 
 
 
Fig. A3.3: TEM images of FeF3∙0.33H2O/RGO composite. 
 
 
Fig. A3.4: TEM images of FeF3∙0.33H2O/ox-CB composite. 
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Fig. A3.5: TEM images of Na3FeF6 obtained after fluorolytic sol gel in BnOH. 
 
 
Fig. A3.6: TEM images of the Na3FeF6/RGO composite. 
 
 
Fig. A3.7: TEM images of the Na3FeF6/ox-CB composite. 
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Abbreviations 
 
δ   Isomer shift 
ΔQS   Quadrupole splitting 
∆U   Potential difference 
∆x   Lithium content variation 
ε’, ε’’   Dielectric constant and dielectric loss, respectively 
tanδ   Loss factor 
ωD, ωG   Wavenumber positions of D- and G- bands, respectively   
 
AB   Acetylene black 
AD, AG   Areas of D- and G- bands, respectively 
BET   Brunauer–Emmett–Teller 
BmimBF4  1-butyl-3-methylimidazolium tetrafluoroborate 
BWF   Breit-Wigner-Fano 
CB   Carbon black Super C 
CNFs   Carbon nanofibers 
DLi   Lithium diffusion coefficient 
EDX   Energy-dispersive X-ray spectroscopy 
EES   Electrical Energy Storage 
Eq.   Equation 
FT-IR   Fourier transform infrared spectroscopy 
GNS   Graphene nanosheets 
GO   Graphene oxide 
HTB   Hexagonal tungsten bronze 
I   Current 
ICP-MS  Inductively coupled plasma mass spectrometry 
ID, IG   Intensities of D- and G- bands, respectively 
IL   Ionic liquid 
JCPDS  Joint Committee on Powder Diffraction Standards 
L   Li+ diffusion length through the active material 
LiOBn  Lithium benzoxide 
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MW   Microwave 
ox-CB   Partially oxidized carbon black Super C  
PVDF   Polyvinylidene fluoride 
RGO   Reduced graphene oxide 
RT   Room temperature 
Sa   Specific surface 
SAED   Selected area electron diffraction 
SEM   Scanning electron microscopy 
SWCNTs  Single-walled carbon nanotubes 
TEG   Tetraethylene glycol 
TEM   Transmission electron microscopy 
TEOS   Tetraethyl orthosilicate 
TGA-MS  Thermogravimetric Analysis/Mass Spectrometry 
XRD   X-Ray powder diffraction 
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Na3FeF6/RGO. Bars correspond to the Na3FeF6 reference. (ii) FT-IR of (a) Na3FeF6/RGO and 
(b) Na3FeF6/ox-CB. 
Fig. 4.13: TEM pictures of (a) Na3FeF6 and (b) corresponding SAED, (c) Na3FeF6/RGO, and 
(d) Na3FeF6/ox-CB. 
Fig. 4.14: Profiles of the first (a) and fifty-fifth (b) galvanostatic cycles of Na3FeF6 and its 
composites and their prolonged cycling behavior at different C rates ((c), only discharge is 
reported). 
 
Chapter 5 
Fig. 5.1: XRD patterns of: (T1) sample irradiated 15 minutes and (T1-a) after annealing, (T2) 
sample irradiated 50 minutes and (T2-a) after annealing. Reference bars: black for Li2MnSiO4 
(JCPDS#04-014-1657), red for Mn3O4 (JCPDS#04-015-2577), purple for Li2SiO3 (JCPDS#04-
008-3005), blue for Mn2SiO4 (JCPDS#04-009-8351). 
Fig. 5.2: (a) XRD pattern of Li2MnSiO4 (S1) synthesized with the new conditions and Li:Mn 
molar ratio corresponding to 2, and (b) TEM picture of the as-synthesized sample S1.  
Fig. 5.3: (a) XRD patterns of the samples synthesized with different Li ratios and (b) associated 
TEM analyses. Reference bars corresponds to Li2MnSiO4 (JCPDS#04-014-1657). 
Fig. 5.4: pattern refinement (a) and average crystallite shape (a-inset) of sample S3; (b) platelet 
morphology of sample S6. 
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Fig. 5.5: (a) diffractogram of the composite Li2MnSiO4/RGO (S7) and (b) TEM analysis. 
Arrows point RGO sheets. 
Fig. 5.6: IR spectra of: (a) Li2MnSiO4 and (b) Li2MnSiO4/RGO composite. 
Fig. 5.7: galvanostatic cycles of: (a) pristine Li2MnSiO4 and (b) Li2MnSiO4/RGO. LiPF6 1M, 
PC:EC:DMC, C/20, RT. 
 
Appendix 
Fig.  A8.1: operando Mössbauer spectra relative to the first discharge. 
Fig.  A1.2: operando Mössbauer spectra relative to the first charge. 
Fig.  A9.3: operando Mössbauer spectra relative to the second discharge. 
Fig.  A2.1: XRD pattern of sample D2 (Mo Kα1 radiation). Reference pattern obtained from 
Diamond software using CIF data of FeF3·0.33H2O. 
Fig.  A2.2:  first tenth galvanostatic cycles recorded for sample D2. 
Fig.  A3.1: particles size distribution of fluorides obtained by fluorolytic sol gel in BnOH and 
after microwave irradiation. 
Fig. A3.2: TEM images of FeF3∙0.33H2O obtained after 10 min of MW irradiation (F5m10). 
Fig. A3.3: TEM images of FeF3∙0.33H2O/RGO composite. 
Fig. A3.4: TEM images of FeF3∙0.33H2O/ox-CB composite. 
Fig. A3.5: TEM images of Na3FeF6 obtained after fluorolytic sol gel in BnOH. 
Fig. A3.6: TEM images of the Na3FeF6/RGO composite. 
Fig. A3.7: TEM images of the Na3FeF6/ox-CB composite. 
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